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Starend naar de bewegende cursor, zoekend naar de juiste woorden. Dit is misschien wel 
het moeilijkste stukje tekst van dit boek. Moeilijk in de zin dat er te veel is om op te noemen 
en het feit dat er zich ongelofelijk veel mensen mij hebben bijgestaan om dit werk succesvol 
op de drukker te kunnen afgeven. Gelukkig heb ik tijdens deze jaren toch een lijstje gemaakt 
van alle mensen die nauw betrokken waren bij ‘ons’ onderzoek. Hier ga ik dan. 
 
Mijn verhaal start op een zonnige (of het kan evengoed een regenachtige zijn) namiddag 
tijdens de lessen. We dienden een milieurelevant onderwerp te kiezen voor een bepaald 
vak en toen dacht ik “Waarom eens niets over lucht”. Foto’s van onze aarde vanuit de 
ruimte zijn fascinerend, maar toch toont het ook zijn fragiliteit. Vaste land en oceanen 
worden omgeven door een heel fijn laagje atmosfeer die we de laatste 200 jaar toch stevig 
aan het vertroebelen zijn door onze eigen industriële en persoonlijke activiteiten. Net als 
toegang hebben tot zuiver water, veilig en nutritioneel rijk voedsel of een dak boven je 
hoofd hebben, is een gezonde lucht in onze aardse atmosfeer een recht van ons allen. Per 
dag blazen wij ongeveer 20.000 liter door onze longen. De meestal onzichtbare 
contaminanten in de lucht komen op die manier hoe dan ook binnen in ons lichaam. Een 
Silent killer. Op korte en vooral lange termijn kunnen geabsorbeerde moleculen schade 
aanrichten aan ons lichaam, zowel fysisch als psychologisch. Deze gedachtegang was mijn 
drijfveer om in deze context onderzoek te doen. Tijdens mijn masterproef had ik de microbe 
volledig te pakken en kreeg ik steeds meer zin om te gaan experimenteren. Iets wat 
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Since a couple of decades, the concern about air pollution has grown. Human health and 
environmental problems occur with the presence of air pollutants. Source-oriented 
measures (e.g. avoid spillage of solvents) and air treatment techniques are necessary to 
reduce pollutant emissions from industrial sources.  
Air pollutants can be subdivided into different groups: Greenhouse gases (CO2, CH4 and 
N2O), Volatile Organic Compounds (VOC), inorganic volatile compounds (NH3, H2S), nitrogen 
and sulphur oxides (NOx and SO2) and airborne dust (PM2.5, PM10). In this thesis, special 
attention was put on VOCs. They contribute in the formation of photochemical smog in 
large cities near industrial activities or intensive traffic. In addition, small VOC 
concentrations with low human olfactory detection thresholds can cause odour nuisance 
to the neighbourhoods living close to industry (e.g. agricultural production facilities, waste 
treatment …). Air treatment techniques are a solution to limit VOC emissions. Air scrubbers 
and biofilters are widely applied in the sector of animal production facilities to treat waste 
gases from animal houses. These waste gases are characterised by the presence of NH3, H2S 
and dozens of VOCs in different concentration levels.  
The behaviour of VOCs in air scrubbers is a complex matter in which different parameters 
can play a role (salt concentration, temperature, pH …). These effects will be investigated 
in this thesis with the use of new methodologies and advanced real-time VOC monitoring 
(Selected Ion Flow Tube Mass Spectrometry; SIFT-MS). A pilot-scale air scrubber in 
combination with SIFT-MS will form the bridge between fundamental data and practical 
valorisation paths. Moreover, for biofiltration, the use of silicone foam as hydrophobic 
packing material was elucidated and transient VOC loading was investigated in a fungal 
biofilter with expanded perlite.  
In Chapter 2, a new and fast method (called the DynAb method), based on SIFT-MS, was 
developed to determine gas-to-liquid partitioning coefficients of VOCs (KAW). The 
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determination of partitioning coefficients that describes the behaviour of a pollutant 
between phases (gas, liquid or solid) is of fundamental importance in different scientific 
areas (fate and behaviour of pollutants, design of abatement technologies, flavour release 
…). By using the dynamic absorption method (DynAb method), a gas stream with a known 
and constant compound concentration is bubbled through a liquid volume in a vessel. The 
outlet gas concentration is continuously measured and results into a breakthrough curve. 
From the breakthrough curve, KAW can be calculated. In contrast to the existing dynamic or 
static methods, KAW obtained by DynAb method does not assume equilibrium of the target 
compound between the liquid and the air bubble leaving the liquid and therefore avoids 
erroneous evaluation of KAW.  
The developed method was applied to determine KAW for five odorous VOCs (dimethyl 
sulphide, dimethyl disulphide, 2-methylpropanal, 3-methylbutanal and hexanal), typically 
found in animal housing emissions, next to other volatiles. KAW values can be determined in 
short time (less than 15 minutes) with a reproducibility of less than 5 %. Measured KAW (mol 
m-3gas/mol m-3liquid) at 25°C are 8.61 ± 0.20 10-2 for dimethyl sulphide, 5.90 ± 0.23 10-2 for 
dimethyl disulphide, 1.27 ± 0.06 10-2 for 2-methylpropanal, 1.43 ± 0.05 10-2 for 3-
methylbutanal and 1.41±0.03 10-2 for hexanal. The dependence of the partitioning 
coefficients to temperature (4 to 25°C) and ammonium sulphate concentration (0 to 300 g 
L-1) were investigated using respectively Van ’t Hoff and Setchenow equation. 
The design of air scrubbers requires reliable partition data, which are limited in literature. 
Chapter 3 provides partitioning data of new scrubber liquids and Chapter 4 will link the 
partitioning data with mass transfer characteristics in a pilot-scale scrubber. The DynAb 
method was used for the first time to broad set of gas-liquid systems to study the 
partitioning behaviour of volatile organic sulphides and aldehydes. Cyclodextrins (CD) were 
chosen as water-soluble additives. Silicone oil (SO) and isopropylmyristate (IPM) were used 
as water immiscible solvents, whereas dipropylene glycol methyl ether was applied as a 
water-miscible solvent. The inclusion of VOCs into the CD structure is very compound 
specific. Binding constants were calculated to quantify the CD-VOC affinity and the 
partitioning behaviour of the VOCs with oils and solvents were quantified. The air-to-water 
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partition coefficient of hexanal could be reduced more than 50 times with a concentration 
of 72 g L-1 α-CD. IPM (100% v/v) could reduce the air-to-IPM partitioning coefficient with 
factor 120 for dimethyl disulphide in comparison with water. The determined partition 
coefficients can be used for suitability evaluation for the design and modelling of air 
treatment systems.  
The mass transfer of VOCs from waste gas streams towards liquid in scrubbers is 
determined by the volumetric mass transfer coefficient (Kga), which is dependent on KAW. 
The application of additives in the water phase can alter this KAW towards lower values thus 
increasing the Kga and increasing the removal efficiency (RE). In Chapter 4, the Kga was 
experimentally determined using a VOC Pulse Addition Response method (PAR method) in 
a pilot-scale scrubber with randomised or structured packing (1.6 m height, diameter 0.1 
m). VOCs were injected at the inlet of the scrubber. SIFT-MS was used for the online 
measurement of the VOC concentration. An advection-absorption model was used to 
calculate the Kga values for a set of VOCs and different scrubber liquid properties. Scrubber 
liquids and VOCs were applied to evaluate the Kga values in a KAW range 2.6 10-3 to 4.0 101, 
a gas velocity between 0.34 to 1.17 m s-1 and liquid flow of 0.4 m³ h-1. The obtained Kga 
ranged from 0 to 2.27 s-1. β-CD was applied as additive in the scrubber for the first time and 
Kga values were significantly higher than pure water. A relationship between the Kga, gas 
velocity and KAW was established. Based on this mathematical correlation, the economical 
or technical suitability of applying an additive to the scrubbing liquid of industrial 
installations can be evaluated.  
Biofiltration is a technique to remove VOCs from waste gas streams. It can be regarded as 
a sustainable treatment technology with low operational costs and good performance. The 
treatment of hydrophobic compounds is however difficult, due to the low mass transfer 
towards the water phase present on the biofilm of the packing material. In Chapter 5, this 
limitation of mass transfer can be overcome by using a hydrophobic silicone foam which 
was added to a conventional biofilter containing compost and wood dowels. The biofilter 
was operated for 180 days to treat acetone, hexane and dimethyl sulphide at an empty bed 
residence time (EBRT) of 57 s with inlet load (IL) varying up to 4.5 g m³ h-1. The highest RE 
 
 xiii 
of acetone, dimethyl sulphide and hexane was respectively 99%, 80% and 50%. The affinity 
of the target compounds towards the packing material was quantified in terms of the 
packing material-to-air partitioning coefficient; measured using a SIFT-MS based 
breakthrough approach. These experiments revealed that hexane has 20 to 100 times 
higher affinity for silicone foam than compost and wood. Microbial community analysis was 
performed on the different substituents of the packing material at the inlet and outlet. No 
significant differences in relative abundance were observed between the types of packing 
materials. Comparison with literature showed the presence of bacterial strains that not 
have been reported in biofilter studies. Silicone foam in a biofiltration set-up showed good 
performances against the degradation of the target VOCs and mass transfer to the packing 
material can be increased. 
Next to the addition of hydrophobic materials to biofilter packing, fungal biofilters can also 
overcome mass transfer limitations of hydrophobic VOCs. However, data about their 
performance is rather limited, especially in dynamic conditions that are convenient in 
industrial situations. In Chapter 6, the use of the fungal species Fusarium solani was 
evaluated for the abatement of hexane in a biofilter packed with expanded perlite. SIFT-MS 
was used to study the response of the biofilter in transient conditions, characteristic for 
industrial situations. XRF imaging (both conventional 2D XRF and XRF-CT) and X-ray µCT 
were applied for the first time on biofilter media to get insight in the internal structure of 
expanded perlite and biomass by spatial element distribution to identify the fungal growth. 
The biofilter was operational for 277 days with IL between 1 and 14 g m-3 h-1 and EBRT of 
116 s. The biofilter reached a maximum elimination capacity of 6.8 g m-3 h-1 when the IL was 
13.4 g m-3 h-1 (removal of 50%). The results showed a positive behaviour of the biofilter 
against perturbations such as: (i) Abrupt changes in the relative humidity of the inlet gas, 
(ii) hexane starvation periods by stopping the incoming supply of gas during 1, 5 and 10 
days, to simulate process shutdown, (iii) step increases and intermittent pulses for the inlet 
hexane concentration to simulate unplanned dynamic loads or changes in industrial 
processes, and (iv) periods without addition of nutrients. The expanded perlite showed 
good packing material properties such as high water holding capacity (3.6 g water g-1 
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perlite), high porosity (50 to 85%; depending on water content) and low pressure drop (less 
than 10 Pa m-1).  
In Chapter 7, field-scale measurement at a pig production facilities (biofilters and air 
scrubbers) of a selected set of target VOCs (organic acids, aldehydes, organic sulphides, 
aromatic compounds …) were performed. In general, the RE of the target compounds was 
evaluated in function of time. The Odour Activity Values (OAV) were calculated with the use 
of Odour Threshold Values (OTV). The total OAV (TOAV) was put in relation to odour values 
measured by olfactometry. The mean difference between TOAV and odour values was 18%. 
The RE based on TOAV was in most cases 5 to 22% higher than odour RE. The difference 
between odour RE and the OAV of H2S was 22%. A detailed measuring campaign was 
performed on two biological air scrubbers. The percentage in which a VOC is saturated in 
the liquid was calculated and put in relation the RE of the VOC. When the VOC is highly 
saturated in the liquid, the RE decreased.  
In general, new developments were introduced to measure fundamental partition 
coefficients between water, gas and solid materials. With the use of the PAR method, 
interaction of VOCs were measured in a fast and reproducible experimental way to obtain 
mass transfer coefficients in a pilot-scale air scrubber. It was shown that the liquid 
composition can be altered with additives or converting into a two phase liquid with oils. 
Fundamental data was obtained of different gas-liquid systems and the suitability can be 
evaluated using a relationship between KAW and Kga in the pilot-scale scrubber. In addition, 
effect of salts or temperature or literature data of pH can be used as fundamental data to 
get insight in the behaviour of VOCs. Simulations were performed to calculate long-term 
effects of VOCs in an air scrubber. When no mechanisms are present in the liquid that can 
decrease the VOC liquid concentration (e.g. bacteria or oxidation products), then the VOC 
will eventually saturate in the liquid and the RE will decrease. This simulation was validated 
in practice to show the importance of scrubber liquid composition on the performance of 
the system. Moreover, lab scale biofilters were investigated with respect to treat 
hydrophobic compounds (e.g. hexane). Silicone foam was tested as hydrophobic compound 
to conventional packing material like compost and wood. The obtained results suggests that 
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the removal of hexane could be increased with the use of silicone foam. A fungal biofilter 
in an expanded perlite packing material were used to investigate transient inlet hexane 
loadings. It was shown that the biofilter could withstand long-term and short-term stress 
situations. In conclusion, some steps forward were taken to understand in depth the VOC 
behaviour of VOCs in air scrubbers and biofilters. Some of these aspects were confirmed by 
field-scale measurements. It was proven that fundamental data could be used as reliable 






Luchtvervuiling is sinds tientallen jaren een grote bezorgdheid. De menselijke gezondheid 
staat onder druk en milieuproblemen ontstaan wanneer polluenten in de atmosfeer terecht 
komen. Om polluent emissies vanuit industriële bronnen te reduceren kunnen brongerichte 
maatregelen of luchtzuiveringstechnieken aangewend worden.  
Polluenten in de lucht kunnen onderverdeeld worden in verschillende groepen: 
broeikasgassen (CO2, CH4 en N2O), vluchtige organische componenten (VOC), vluchtige 
anorganische componenten (NH3, H2S), stikstof en zwavel oxiden (NOx en SO2) en fijn stof 
(PM2.5 en PM10). In deze thesis wordt speciale aandacht gevestigd op VOCs. Deze 
componenten veroorzaken fotochemische smog in grote steden nabij industriële 
activiteiten of druk wegverkeer. Ook kleine VOC-concentraties met een lage menselijke 
detectielimiet kunnen geurproblemen veroorzaken bij omwonenden in de buurt van 
industriële activiteiten (zoals agrarische productie of afvalverwerking). Luchtzuiverings-
technieken kunnen een oplossing bieden voor deze VOC emissies. Luchtwassers en 
biofilters worden breed toegepast in dierlijke productie om afvallucht te behandelen. Deze 
stromen worden gekarakteriseerd door de aanwezigheid van NH3, H2S en tientallen VOCs 
in verschillende concentratieniveaus.  
Het gedrag van VOCs in luchtwassers is een complexe materie waarbij verschillende 
factoren een rol kunnen spelen zoals zoutconcentratie, temperatuur en pH van de 
wasvloeistof. Deze effecten worden onderzocht in deze thesis met behulp van nieuwe 
methoden en geavanceerde online VOC meetapparatuur (Selected Ion Flow Tube Mass 
Spectrometry: SIFT-MS). Een pilootschaal luchtwasser in combinatie SIFT-MS vormt de brug 
tussen fundamentele data en praktische toepassingen. Bovendien werden in het 
onderzoeksveld van biofilters twee onderzoekspistes gevolgd. Enerzijds werd het gebruik 
van siliconenschuim getest als hydrofoob pakkingmateriaal samen met conventionele 
compost en hout pakking. Anderzijds werd een schimmelgebaseerde biofilter met 
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geëxpandeerd perliet onderzocht naar de performantie van hexaan verwijdering. Hierbij 
werden dynamische effecten onderzocht die representatief zijn voor industriële 
activiteiten.  
In Hoofdstuk 2 (Chapter 2) werd een nieuwe en snelle methode (DynAb), gebaseerd op 
SIFT-MS, ontwikkeld voor het bepalen van gas-vloeistof partitie coëfficiënten van VOCs 
(KAW). Partitie coëfficiënten kwantificeren het gedrag van VOCs tussen verschillende fasen. 
Deze fundamentele kennis is van cruciaal belang in verschillende wetenschappelijke 
disciplines (gedrag van polluenten, ontwerp van behandelingstechnieken, aromagedrag in 
voedselproducten enz.). Bij de dynamische absorptiemethode (DynAb) wordt een 
gasstroom met een constante gekende concentratie geborreld door vloeistof in een 
reactorvat. De uitgaande VOC-concentratie wordt online geregistreerd met behulp van 
SIFT-MS en resulteert in een doorbraakcurve. KAW kan berekend worden op basis van het 
oppervlak boven deze doorbraakcurve. In vergelijking met andere bestaande methoden, 
gaat de DynAb methode niet uit van evenwicht tussen de vloeistof en de uitgaande luchtbel.  
De ontwikkeling van de DynAb methode werd toegepast voor vijf VOCs (dimethyl sulfide, 
dimethyl disulfide, 2-methylpropanal, 3-methylbutanal en hexanal). KAW-waarden werden 
bepaald in een korte experimentele tijd (minder dan 15 minuten) met een 
reproduceerbaarheid van minder dan 5%. De gemeten KAW-waarden (mol m-3gas 
/mol m-3vloeistof) bij 25°C zijn 8,61 ± 0.20 10-2 voor dimethyl sulfide, 5,90 ± 0.23 10-2 voor 
dimethyl disulfide, 1,27 ± 0.06 10-2 voor 2-methylpropanal, 1,43 ± 0,05 10-2 voor 3-
methylbutanal en 1.41±0.03 10-2 voor hexanal. Verder werd ook het effect van temperatuur 
(4 tot 25°C) en ammoniumsulfaat concentratie (0 tot 300 g L-1) onderzocht met behulp van 
de Van’t hoff en Setchenow vergelijkingen. Deze zoutconcentratie is vooral van belang bij 
zure chemische luchtwassers in de praktijk. 
In Hoofdstuk 3 (Chapter 3) wordt de massatransfer van VOCs naar de vloeistoffase 
onderzocht met behulp van water oplosbare additieven of door gebruik te maken van water 
oplosbare solventen en onoplosbare oliën. Het design van een luchtwasser berust op 
betrouwbare partitiedata. Deze data is beperkt in de wetenschappelijke literatuur en zullen 
in dit hoofdstuk als input dienen voor Hoofdstuk 4 (Chapter 4) die de fundamentele KAW 
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data linkt met massatransfer karakteristieken in een pilootschaal luchtwasser. De DynAb 
methode werd voor de eerste maal toegepast voor een set van verschillende gas-vloeistof 
systemen voor het bestuderen van KAW van organische sulfiden en aldehyden. Cyclodextrine 
producten (CD) werden getest als water-oplosbare producten, siliconen olie (SO) en 
isopropylmyristaat (IPM) als water onoplosbare olie en dipropyleen methylglycolether 
(DPMGE) als water oplosbaar solvent. De binding van een VOC met CD is component 
specifiek. Bindingsconstanten werden berekend om de VOC-CD affiniteit te kwantificeren 
en partitie coëfficiënten tussen lucht en water-SO/IPM/DPMGE vloeistof werden bepaald. 
De lucht-water partitie coëfficiënt kon 50 maal verlaagd worden door het gebruik van 72 g 
L-1 α-CD. IPM (100% v/v) kan de lucht-IPM partitie coëfficiënt verlagen met een factor 120 
voor dimethyl disulfide. De partitie coëfficiënten kunnen gebruikt worden voor het 
ontwerpen en modelleren van luchtzuivering technieken. 
De massatransfer van VOC vanuit een afvalgasstroom naar de vloeistoffase in luchtwassers 
wordt bepaald door de volumetrische massatransfer coëfficiënt (Kga). Het toepassen van 
additieven in de waterfase kan de KAW doen verlagen en bijhorend de Kga en de 
verwijderingsefficiëntie verhogen. In hoofdstuk 4 (Chapter 4) worden Kga-waarden 
experimenteel bepaald met een Puls Additie Respons methode (PAR methode) op een 
pilootschaal luchtwasser, gepakt met random of gestructureerde pakking. Een advectie-
absorptie model werd gebruikt om Kga-waarden te berekenen voor een set van 
verschillende VOCs bij variërende wasvloeistof condities. Kga-waarden werden bepaald 
voor condities waarbij de VOCs een overeenstemmende KAW-waarde hebben tussen  
2,6 10-3 tot 4,0 101, een gassnelheid tussen 0,34 en 1,17 m s-1 en een vloeistofstroom van 
0,4 m³ h-1. De bekomen Kga-waarden varieerden tussen 0 en 2,27 s-1. Er werd een relatie 
gevonden tussen de KAW, de gassnelheid en de Kga. Een oplossing van β-CD werd voor de 
eerste maal toegepast in een luchtwasser. Er werd aangetoond dat door het dalen van KAW, 
de Kga en dus de performantie van de luchtwasser kan worden verhoogd. Op basis van de 
verschillende KAW en Kga-waarden kan het economische potentieel van het toepassen van 
een additief en het effect van andere relevante parameters geëvalueerd worden. 
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Naast gas-water systemen, werd ook onderzoek verricht op biofiltratie. Biologische 
technieken worden aanzien als duurzame alternatieven voor fysisch-chemische technieken. 
Hierbij groeien micro-organismen op een organisch of inert pakkingmateriaal en worden 
VOCs gemetaboliseerd als koolstofbron tot CO2 en water. De behandeling van hydrofobe 
VOCs is echter problematisch door de gelimiteerde massatransfer van lucht naar de 
waterige biofilm. In Hoofdstuk 5 (Chapter 5) werd het conventionele pakkingmateriaal van 
de biofilter (compost en hout) aangepast met een extra hydrofobe siliconenschuim. De 
biofilter werd opgevolgd gedurende 180 dagen voor de behandeling van een VOC mengsel 
met aceton, dimethyl sulfide en hexaan. De hoogste verwijderingsefficiëntie voor aceton, 
dimethyl sulfide en hexaan was respectievelijk 99%, 80% en 50%. De affiniteit van de target 
VOCs met de verschillende pakkingmaterialen werd gekwantificeerd met behulp van 
pakkingmateriaal-lucht partitie coëfficiënten. Deze experimenten toonden aan dat hexaan 
een 20 tot 100 maal betere affiniteit vertoont voor siliconenschuim in vergelijking met hout 
en compost. Verder werd een microbiële gemeenschapanalyse uitgevoerd op de 
verschillende pakkingmaterialen. Vergelijking met de literatuur toonde aan dat 
verschillende bacteriën nog niet werden gerapporteerd in biofilter media. In het algemeen 
vertoont de biofiltratie met siliconenschuim een goede performantie voor het verwijderen 
van de target VOCs waarbij de massatransfer naar het pakkingmateriaal kan worden 
verhoogd.  
Ook schimmelgebaseerde biofiltratie kan een mogelijke oplossing bieden voor het 
verwijderen van hydrofobe VOCs. Schimmels produceren een hydrofobe coating die de 
massatransfer naar de biofilm verhoogt. Data omtrent de performantie in dynamische 
omstandigheden die voorkomen in de industrie, is gelimiteerd. In Hoofdstuk 6 (Chapter 6) 
werd een biofilter onderzocht met geëxpandeerd perliet waarop de schimmel Fusarium 
solani groeit voor het behandelen van een hexaan afvalstroom. SIFT-MS werd aangewend 
voor het opmeten van de respons van de biofilter voor transiënte condities die 
karakteristiek zijn voor de industrie. XRF beeldverwerking (zowel conventionele 2D XRF en 
XRF-CT) en X-straal µCT werden voor de eerste keer toegepast op biofilter media voor het 
bepalen van de interne ruimtelijke verdeling een perliet partikel en van de biofilm op het 
perliet. De biofilter werd gedurende 277 dagen onderzocht waarbij een maximum aan 6,8 
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g hexaan m-3 pakking h-1 werd verwijderd bij een belading van maximaal 14 g m-3 pakking  
h-1 (50% verwijdering). De resultaten van het transiënt gedrag toonden aan dat de biofilter 
efficiënt variërende concentraties en stress condities kan weerstaan. Zo werden (i) abrupte 
wijzigingen aangebracht in het relatief vochtgehalte van de ingaande lucht, (ii) periodes 
aangewend waarbij geen koolstofbron werd gegeven, (iii) stap verhoging gedaan van de 
ingaande hexaan concentratie en (iv) periodes zonder nutriënten additie onderzocht. 
Bovendien werd het geëxpandeerd materiaal gekenmerkt door een grote 
waterabsorptiecapaciteit (3,6 g water g-1 perliet), hoge porositeit (50 tot 85%, afhankelijk 
van de waterabsorptie hoeveelheid) en lage drukval (minder dan 10 Pa m-1). 
In Hoofdstuk 7 (Chapter 7) werden voor een set van verschillende target VOCs (organische 
zuren, aldehyden, organische sulfiden, aromatische componenten enz.) praktijkmetingen 
uitgevoerd op luchtwassers en biofilters geïnstalleerd op varkensstallen. De 
verwijderingsefficiëntie van de targetcomponenten werd opgevolgd in functie van de tijd. 
Met behulp van geurdrempelwaarden werd de geuractiviteit van een bepaalde 
targetcomponent berekend. De som van deze geuractiviteiten voor alle onderzochte target 
VOCs (TOAV) werd berekend en in relatie gebracht met de geurconcentraties die 
olfactometrisch werden opgemeten. Het gemiddeld verschil tussen de gemeten 
geurconcentraties en TOAV was 18%. De verwijderingsefficiëntie op basis van TOAV was 5 
tot 22% hoger dan de geurverwijdering. Het verschil tussen geurverwijdering en de 
geuractiviteit van waterstofsulfide bedroeg minder dan 22%. Verder werd ook een 
gedetailleerde meetcampagne uitgevoerd op twee biologische luchtwassers. Hierbij werd 
onderzocht in welke mate het percentage waarbij een VOC geabsorbeerd is in de vloeistof 
fase ten opzichte van de maximaal mogelijke concentratie, een effect heeft op de 
performantie. Er werd aangetoond dat de verwijderingsefficiëntie van een VOC daalt 
naarmate meer VOC is opgelost in de vloeistoffase. 
In het algemeen werden nieuwe ontwikkelingen geïntroduceerd voor het bepalen van 
fundamentele partitiecoëfficiënten tussen lucht, water en vaste materialen. Met behulp 
van de PAR methode kon de interactie van VOCs in de pilootwasser opgemeten worden in 
een snelle en reproduceerbare manier voor het bepalen van massatransfer coëfficiënten. 
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Er werd aangetoond dat de compositie van de wasvloeistof kan gewijzigd worden door 
gebruik te maken van additieven of door de ombouw naar een twee-fasen systeem met 
olie of solvent. Fundamentele data werd gegenereerd voor verschillende gas-vloeistof 
systemen waarbij de toepasbaarheid van deze systemen kunnen onderzocht worden op 
basis van de relatie tussen partitiecoëfficiënten en massatransfer. Bovendien kunnen 
andere parameters zoals zoutconcentratie of temperatuur in termen van massatransfer 
geëvalueerd worden om inzicht in deze parameters op industriële schaal te verkrijgen. 
Simulaties van de pilootschaalwasser werden uitgevoerd voor lange termijn effecten van 
VOCs in een luchtwasser. Wanneer geen verwijderingsmechanismen in de wasvloeistof 
voorhanden zijn, zoals inwerking van bacteriën of oxidantia, zullen VOCs uiteindelijk 
satureren in de vloeistof waardoor de massatransfer beperkt wordt. Deze simulatie werd 
bevestigd tijdens praktijkmetingen op reëel wasvloeistof waarbij aangetoond werd dat de 
eigenschappen van de wasvloeistof van cruciaal belang is voor een goede performantie. 
Verder werden twee laboschaal biofilters onderzocht voor het verwijderen van hydrofobe 
verbindingen. Enerzijds werd siliconenschuim aangewend als hydrofoob pakkingmateriaal 
om toe te voegen bij conventionele materialen zoals compost en hout. Er werd aangetoond 
dat de verwijdering van hexaan kon verhoogd worden. Anderzijds werd een 
schimmelgebaseerde biofilter met geëxpandeerd perliet onderzocht. Hierbij werd 
aangetoond dat dit type biofilter een goede weerstand vertoont tegen stress situaties en 
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Chapter 1 General introduction 
1.1 Air pollution 
Air pollution is the process in which chemicals, particulate matter or biological materials are 
introduced into the atmosphere in such way they can cause harm or discomfort to living 
organisms, or cause damage to the natural environment [1]. Air pollution is a global concern 
and last decades, governments impose and stimulate measures to control the emission of 
air pollutants. A representation of the sources, types and transport cycles of air pollutants 
are represented in Figure 1. Air pollutants can be very divers, originate from different 
sources worldwide and can have different direct or indirect effects on a local or global scale. 
1.1.1 Air pollutants: types, origin and global cycle 
Air pollutants are characterised by different chemical-physical properties. They can be 
subdivided into different groups: greenhouse gases (CO2, CH4, N2O), nitrogen oxides (NOx), 
sulphur dioxide (SO2), Volatile Organic Compounds (VOCs), aerosols, O3 and NH3. Dust with 
aerodynamic diameters (PM2.5 and PM10) are also important pollutants [2]. Air pollutants 
are emitted in the boundary layer above the earth’s surface. A part of the pollutants can 
directly be deposited onto living organisms, earth surface, vegetation, buildings, surface 
water and seas. Another part is transported through natural weather conditions (cloud 
formation, winds) and reaches eventually other regions (by gravitation, diffusion or rainfall). 
Long-term transport of air pollutants occurs when the pollutant has a long residence time 
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due to insensitivity for chemical transformations. Transport to the troposphere or even the 
stratosphere is likely. For example, halocarbons and chloro-fluorocarbons (e.g. originating 
from old refrigerators) are characterised by a low destruction rate in the boundary layer 
and troposphere. Once arrived in the stratosphere, they can cause ozone destruction 
(ozone hole) [1].  
 
Figure 1 Composition diagram showing the evolution/cycles of various elements in Earth's 
atmosphere. Adapted figure from [3]. 
Air pollutants are emitted by natural and anthropogenic sources. Natural processes can 
influence significantly the air quality. Wildfires produce smoke and CO, cattle and other 
animals emit methane and pine trees emit VOCs [1]. Also wetlands, volcanoes and oceans 
are emitting air pollutants [4]. Since the industrial revolution, many industrial activities have 
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originated and by consequence air pollutants emissions have been rising. Specific examples 
are industrial processes with paints and varnishes. Another fraction is released from dry 
cleaning and the food industry. These emissions arise mostly from the evaporation of 
solvents and from spillage or evaporation of petroleum products. In addition, 
transportation (cars, buses, trucks and airplanes) and urbanisation (urban waste treatment 
and sewage treatment plants) are important sources of air pollutants. The release of volatile 
pollutants from indoor environments comes primarily from cigarette smoke, smoke from 
wood burning fires, household products and furniture containing petroleum-based 
chemicals such as glues, paints, wax and lubricants. In addition, agricultural activities like 
intensive farming participate in the emission of air pollutants [1, 5-7].  
In this work, special attention is given to VOCs. This group of air pollutants can be defined 
as organic compounds having a vapour pressure higher than 10 Pa at 293.15 K and 
atmospheric pressure. This definition covers a broad group of compounds such as alcohols, 
aldehydes, alkanes, aromatics, esters, ethers, ketones, halogenated hydrocarbons, olefins, 
paraffin and sulphur containing compounds [8]. In Flanders, the Flemish Environment 
Agency (Vlaamse milieumaatschapij, VMM) investigates VOC emissions with different 
measuring strategies. In 2013, industrial emissions, husbandries and natural sources were 
responsible for respectively 35%, 26% and 18% of the total non-methane VOCs (NMVOC). 
A major study was conducted between 2000 and 2013 and proved that the VOC emissions 
decreased from 200 kton to 75 kton. In addition, the emission of CH4 also decreased from 
277141 kton (2000) to 225405 kton (2013) [2]. This decrease is not a random fact, but is 
organised by different incentives on national and international scale (e.g. 2004/42/EG 
directive). In 2010 across the EU27, a total of 4.3 million tons of NMVOCs were emitted into 
the atmosphere by anthropogenic sources [6]. The total NMVOCs emissions of 33 EU 
countries have decreased by 57% since 1990. The revised Göteburg protocol (2012) caused 
a new EU directive (2013/0443) which further imposes national emissions ceilings for 
member states. An implementation of national air pollution control programs is necessary 
and is controlled by the EU. These coordinated programs are necessary since air pollutants 
can have effects on global warming, environment and human health.  
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1.1.2 Adverse effects of air pollutants 
The long-range transport, chemical transformations, deposition of pollutants and weather 
conditions can distribute or transform air pollutants that can cause regional, continental 
and global adverse effects on living species and the environment. 
1.1.2.1 Global warming 
Global warming is caused by the presence of greenhouse gases (CO2, CH4 and N2O) in the 
atmosphere, particularly in the troposphere. UV radiation from the sun on the surface is 
reflected again by greenhouse gases in the atmosphere and keeps the solar energy inside 
the atmosphere and causes a warming-up [9, 10]. Average atmospheric CO2 concentrations 
is exceeding 400 ppmv and is 70% higher than average CO2 concentrations before the 
industrial evolution. Similar conclusions can be made for N2O (from 0.5 to 1.8 ppmv) and 
CH4 (from 0.25 to 0.32 ppmv) [11]. The potential to contribute to global warming is 
quantified in the Global Warming Potential (GWP). Based on a 20 years range, GWP20 is 86 
and 268 for respectively CH4 and N2O. This implies that the contribution of CH4 and N2O is 
respectively 39% and 20% of the contribution of CO2. This means that low concentrations 
of CH4 and N2O can have a substantial contribution in global warming. Combustion of fossil 
fuels, traffic, permafrost thaw and animal production are a few examples [12-15]. These 
global effects are difficult to control and, therefore, the mind-set of human daily life and 
industry should be changed. 
1.1.2.2 Environmental impact 
Air pollutants released in the atmosphere can undergo chemical transformations that can 
further affect the environment in different ways. 
Acidification 
Water molecules in the atmosphere can react with NOX and SO2, resulting in the formation 
of nitric acid and sulphuric acid. In addition, NH3 emissions from agricultural sources also 
contributes acidification. Water in rain droplets acidified and this acid rain is harmful for 
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forests, vegetation, soil and aquatic ecosystems [16-18]. In addition, historical and new 
dated buildings and monuments can be affected [19].  
Photochemical smog and ozone formation 
VOCs have a major contribution in the formation of secondary pollutants like 
photochemical smog. The formation is a series of chemical transformation, resulting in 
macroscopic aerosols and low visibility through smog formation in large cities. Solar energy 
(hν), VOCs and NOX contribute in the formation of smog (Figure 2).  
 
Figure 2 Chemistry related the formation of photochemical smog in large cities and industrial 
regions [20]. 
NO2 emitted by industrial combustion of fossil fuels and by transportation, reacts with 
oxygen resulting in the formation of NO• and O•. Atomic oxygen (O•) is very reactive and 
reacts very fast with O2 to form O3. This reaction is abundant at day and slows down in the 
evening, resulting in a high daily O3 concentration and a low concentration at night. O3 can 
be reduced with NO• to form NO2 and O2 again. On the other hand, O• will react with H2O 
to form hydroxyl radicals (OH•). Hydroxyl radicals contribute to chemical reactions with 
VOCs and eventually aldehydes can be formed. Subsequent reactions will form aldehyde 
peroxides and aldehyde peroxyacids. The latter can cause irritation to sensitive biological 
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tissues. On the other hand, aerosol formation can occur and will affect the visibility in cities. 
When root, ashes and PM contribute to aerosol formation, a brown smog (“Londen Smog”) 
covers large areas in cities. 
Ozone destruction 
While photochemical smog is a problem in the boundary layer and troposphere, also other 
effects can occur in higher atmospheric levels (i.e. stratosphere). When VOCs are not 
oxidised in lower atmospheric layers, transport to stratosphere is inevitable. The presence 
of halocarbons, in particular chlorofluorocarbons (CFC), cause severe depletion of 
stratospheric ozone. The presence of ozone in the stratosphere is essential to neutralise UV 
radiation to the earth’s surface [21]. Free chlorine species (Cl) will react with ozone to form 
chlorine oxide (ClO) and oxygen. ClO can be catalysed to form yet again chlorine and free 
oxygen. Overall, this reaction consumes two molecules ozone and forms three molecules 
oxygen, without consuming chlorine species. This chain reaction is tempered with the 
presence of NOx, CH4 and HO2 molecules that discontinue the working of Cl or ClO molecules 
as catalyst in the ozone destruction cycle [22]. 
Vegetation 
Air pollutants have also a severe effect on vegetation (on plant and forest level). Particulate 
matter can clog leaves stomata and affect the photosynthetic process. In addition, 
contamination of metals can cause deviant enzymatic processes to the plant’s molecular 
biology. Moreover, acid rain can affect soil and crop production. Surface and rain water 
containing sulphuric acid and nitric acid, acidifies the water and affects crop productivities 
and aquatic plants and animals. Acid pH promotes release of metals in groundwater and 
run-off can accelerate the spread of metals [1]. 
 
 7 
1.1.2.3 Human health 
Acute and chronic effects 
When pollutants enter the body through breathing, they can cause acute throat irritation 
or even lung disorders. Long-term exposure to air pollutants can cause premature death or 
shortened life expectancy [23]. The World Health Organization (WHO) estimated that 
approximately 6.5 million deaths are caused by poor ambient air quality, mainly for 
inhabitants from south-east Asia and low-wage countries [24]. The Organization for 
Economic Co-operation and Development (OECD) states that air pollution will be the most 
environmental related death cause by 2050. 
Odour nuisance 
VOCs are not only a concern when they are present in high concentrations. Nowadays, 
people live closer to industry due to increasing population. Emission plumes from 
production facilities are getting closer to neighbourhoods. VOCs appearing in low 
concentrations and/or with low human threshold values can cause odour problems. Odour 
is a complex mix of different VOCs in various concentration levels, causing an unpleasant 
neural interaction with human brains. This can eventually lead to psychological problems 
and even physical difficulties [25]. Most odour problems can be located near industrial 
activities, traffic and agricultural practices [26].  
1.1.2.4 Economic impact 
The adverse effects of air pollutants have economic impact in different ways. Effects on 
human health requires health care resources, medical costs and economical costs for 
enterprises. UV radiation through stratospheric ozone depletion can induce cancer. Acid 
rain affects crop yields and requires restauration on historical buildings. Odour nuisance 
and photochemical smog is affecting the daily life. In general, air pollutants are affecting 
the human sustainable life pillars: health, social aspects and economic viability. 
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1.1.3 Agricultural emissions: a case study 
The agricultural sector is an important sector that contributes to industrial emissions of air 
pollutants. Meat demands in Western countries require intensive livestock production and 
put pressure on the environment [27]. Poultry and pig meat production take place in animal 
houses. The indoor air in these buildings must meet certain requirements for animal 
welfare and safety. The mechanical ventilation system in an animal building is regulated 
based on temperature. When temperature exceeds safety levels, the ventilation increases 
to keep temperature in an optimal range (depending from age and animal type) [28]. 
Outdoor ambient air is used as inlet air for the compartments in a pig building. The exhaust 
air from the pig stable can leave the building by different ways: i) via a direct outlet through 
fan ducts fixed in the compartment the lroof and without further treatment or ii) via a 
ventilation system with central air duct and pressure chamber towards a treatment system 
at the backside of a pig house (i.e. air scrubber or biofilter, see later). 
To get insight in the performance of air treatment techniques, different approaches are 
possible. First, human olfactometry can measure the odour concentration of an air sample 
expressed in odour units (ou m-3). These measurements are important in a perceptive way 
to meet the requirements to avoid odour nuisance in neighbourhoods [29]. Secondly, 
chemical analysis of the exhaust air generates concentration data of typical odorous 
compounds [30]. The latter is interesting in terms of evaluating the basic mechanisms about 
the performance of air treatment systems. Concentration data are objective and can be 
directly related to physical-chemical parameters during the operation of a treatment 
system. 
The exhaust waste air from animal houses contains NH3, H2S, greenhouse gases and VOCs. 
Particularly NH3 in this stream must be treated to avoid acidification and eutrophication 
[31]. Next to NH3, H2S and VOCs have an important impact on odour nuisance. Ni et al. 
(2012) reviewed different VOC studies on swine facilities and found that, next to NH3, more 
than 500 different VOCs by this time were detected with Gas Chromatography (GC) and 
Proton Transfer Reaction Mass Spectrometry (PTR-MS). The abundant VOC compounds 
include acetic acid, butyric acid, dimethyl disulphide, dimethyl sulphide, (iso)valeric, p-
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cresol, propionic acid, skatole and trimethyl amine [32]. The contribution of the different 
VOC groups is visualised in Figure 3.  
Odour nuisance is, next to VOCs and NH3, determined by the presence of hydrogen sulphide 
(H2S) in the air of pig houses. H2S is characterised by the smell of rotten eggs and is produced 
by anaerobic digestion in the manure. Waste air from swine applications contains thus 
typically a mix of H2S, NH3, greenhouse gases (CO2, CH4 and N2O) and VOCs. Different 
compounds in this mix can cause odour nuisance to neighbouring residents, which is, next 
to the NH3 removal, an important reason to apply air treatment systems.  
The number of studies related to the combination of olfactometry measurements and 
chemical analysis is limited compared to the amount of chemical studies that are performed 
[32]. Hobbs and co-workers (2001) used a mixture of H2S, 4-methyl phenol, NH3 and acetic 
acid to simulate livestock waste odour from pig manure. A multiple linear regression model 
accounted for 74% of the variance and H2S was the most abundant contributor of the 
regression towards the dynamic dilution olfactometry results [33]. Sheffield et al. (2007) 
only measured H2S and NH3 and found also a correlation with H2S [34]. Janes and co-
workers (2004 and 2005) used a neural network approach to predict odour with 
measurements of H2S and NH3. The regression coefficient was up to 80% [35, 36]. Blanes-
Vidal et al. (2009a) found that next to H2S also dimethyl sulphide, dimethyl disulphide, 
phenols, indoles and NH3 have considerable impact on odour of swine slurry. When 
composting swine faeces, Hanajima and co-workers (2010) found that NH3, dimethyl 
sulphide and methylmercaptan largely determined the predicted odour by multiple 
regression. This correlation is predominantly determined when movements in the compost 
mixture were performed and by this means resulted in peak emissions [37]. The work of 
van Kempen et al. (2002) deals with Fourier transform infrared spectrometry. In this 
technique the infrared absorption spectra of an odour sample were related via a multiple 
regression to olfactometry, where 61% of the variance could be accounted by the model 
[38]. The most advanced correlation was performed by Hansen et al. (2016). They 
investigated odour samples from different locations and combined olfactometry 
measurements with PTR-MS measurements. PTR-MS measured 21 compounds or 
compound groups and the calibrated concentrations were directly used in a multiple 
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regression model. The regression coefficient was 77% between the predicted odour 
concentration and odour concentration (logarithmical based). The advantage of the PTR-
MS technique is the fast measurements (seconds) with high sensitivity (ppb level) [39]. 
 
Figure 3 Different groups of VOCs detected and quantified over different studies relating to 
swine facilities [32].  
The IPPC directive (2010/75/EG) states that emissions of VOCs needs to be avoided by 
implementing the best available techniques to treat waste gases. This can be carried out by 
two ways: (i) avoid emissions by changing infrastructure and work habits (e.g. remove 
manure from emission surface in animal houses) or (ii) apply an air treatment technique to 
remove pollutants from waste gas [40]. Air scrubbers and biofiltration are two types of air 
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treatment systems which are applied abundantly by industry in Europe. These systems will 
be discussed thoroughly in the next sections. 
1.2 VOC treatment systems 
The techniques for the removal of VOCs from waste gas streams include physicochemical 
and biological techniques by either recovery or destruction [4]. Recovery based techniques 
include absorption, adsorption, condensation, and membrane separation. Absorption 
removes the water-soluble compounds by using a suitable solvent, mostly water. 
Adsorption employs an appropriate adsorbent to adsorb the VOCs on the surface of the 
material. The adsorbent should undergo a chemical or thermal regeneration after the 
adsorbent surface is saturated with compounds. Condensation and cryocondensation 
recover the VOC by changing its phase from gas to liquid through a temperature reduction 
or by increasing the pressure. Membrane separation uses a permeable layer to selectively 
separate the VOCs from the main gas stream [41]. 
Destructive techniques include combustion, catalytic oxidation and biological oxidation. 
Combustion requires high temperatures (more than 1000°C) to oxidise VOCs to CO2 and 
water. Catalytic oxidation requires lower temperatures (250 to 500°C) with the presence of 
a suitable catalyst such as noble metals, non-metal oxides or mixed-metals [41]. In contrast, 
biological systems are operated at ambient conditions where carbon compounds are 
converted into CO2, water and biomass by microorganisms [7]. 
The application of each method depends on the choice of recovering or destroying the 
compounds but also on other factors such as the nature of the VOC, complexity of the 
mixture, possibility of internal recycling and energy valorisation, security constraints, 
environmental standards and economic evaluation [42]. VOC concentration and the gas 
flow rate can provide a first screening to select an appropriate technique. A diagram 
presenting typical application ranges of each treatment is shown in Figure 4.  As the diagram 
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shows, biological methods are the recommended technique to treat high gas flow rates 
(102 - 105 m3 h-1) with low concentration of VOCs (less than 5 g m-3). Biological treatment is 
an alternative to treat VOCs that can compete with standard physicochemical treatment 
processes in terms of efficiency, reliability, operational simplicity and cost effectiveness 
[43]. In some cases, a combination of different systems is applied (e.g. air scrubber and a 
biofilter). 
 
Figure 4  VOC abatement technologies as function of VOC concentration and gas flow rate [7]. 
Among the biological methods, different reactor configurations are possible: biofilter, 
biotrickling filter, bioscrubber, membrane bioreactor and novel techniques such as foamed 
emulsion bioreactor (FEBR) or rotating biological contactor (RBC). In biofilters, the polluted 
air stream flows through a porous fixed bed (mostly organic material) in which pollutant-
degrading microorganisms are immobilised and where oxidation occurs when VOCs reach 
the biofilm. In biotrickling filters, the air stream flows through a filter bed (mostly inert) 
which is continuously irrigated with a solution rich in nutrients where the pollutant is first 
absorbed by the aqueous film and then biodegraded within the biofilm. Bioscrubbers are 
treatment units that consist of two modules, an absorber and a bioreactor. The absorber is 
constructed with an inert packing where the pollutants from the gas phase are washed and 
transferred into the liquid phase. The bioreactor is a buffer tank for the recirculated water. 
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Microorganisms suspended in the aqueous phase degrade the pollutants. Biotrickling filters 
and bioscrubbers are closely related to each other. However, there are some important 
differences. The contact time is much higher in biotrickling filters and the biomass growth 
on the packing is more intense compared to a bioscrubber. Membrane bioreactors allow 
the selective permeation of the pollutant through a solid layer that separates the gas phase 
from the liquid phase containing the biofilm. However, it is a relatively new technology and 
long-term operational stability needs further investigation. Finally, new bioreactor 
configurations such as the FEBR or the RBC are being studied to overcome certain 
limitations on conventional bioreactor in terms of better distribution of VOCs, oxygen, 
nutrients, and less clogging [44].    
Even though the fundamental principle for the removal of VOCs is similar in all the systems, 
there are differences in the use of microorganisms, packing material, range of pollutant 
concentration to be treated, and other characteristics. Chemical industries in Europe make 
use of biofilters to remove VOCs, odours, organic and inorganic air pollutants [7]. Herewith, 
an example is the application of biofilters to remove odour from exhaust gas, originating 
from animal houses. Its importance in the industry is a reason to study this technique in 
further detail. 
1.3 Biofiltration  
1.3.1 Principle  
A biofilter is a fixed-bed bioreactor in which microorganisms are immobilised on a packing 
material. Different mechanisms that are involved in the removal of pollutants are: (i) 
transport of the compound from gas to liquid phase, (ii) adsorption onto the packing media, 
(iii) absorption into the biofilm and (iv) biodegradation to produce CO2, water and 
metabolites [7]. Biofilters were patented for the removal of odours in the early 1950s. 
Nowadays, they are a conventional technique to treat large waste gas flows with low VOC 
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concentrations from different industries. Different types of pollutants have already been 
removed with the use of biofilters: NH3, H2S, mercaptan, organic sulphides, alkanes, 
styrene, phenols, ethylene chloride and methanol. Only in Europe, more than 600 chemical 
processing industries use biofilters to treat air streams [44].  
It is important to select a suitable packing material to fill the biofilter because it will impact 
its performance and stability. A good filter bed should provide optimal conditions for 
microorganism growth in terms of supply of nutrients, oxygen, carbon, pH, high specific 
surface area for mass transfer, high porosity to maintain low pressure drops, good water 
retention capacity, stable structural integrity and resistance to filter bed compaction during 
long-term operation [45]. The materials include natural media rich in microorganisms (peat, 
compost, wood chips and soil), inert packing media (activated carbon, perlite and lava rock) 
or a combination of both. Inert media are usually more stable and allow better uniform gas 
distribution but contain less inherent microorganism and are usually more expensive [46]. 
The height of the filter media can range from 0.5 to 2.5 m, being 1 m a typical value to 
maintain an acceptable pressure drop [45].  
In industrial applications like food industries, petrochemical companies, pharmaceuticals, 
wastewater treatment plants and composting facilities, VOCs are commonly found as 
mixtures instead of single pollutants. The removal capacity of a biofilter will be influenced 
by the pollutant characteristics such as solubility and biodegradability but also by its 
interaction with other compounds. For instance, inhibition can occur by preferential uptake 
of one substrate over another or by production of toxic substances to the microorganisms. 
Longer acclimation time to achieve the maximum removal capacity has been reported in 
biofilter treating mixtures instead of single pollutants. Laboratory biofilters are commonly 
tested with single pollutants. Hence, there is still a lack of studies which investigate 
competitive effects when using mixtures of compounds [46]. A schematic representation 




Figure 5 Schematic representation of a full-scale open biofilter system [46]. 
The polluted waste gas stream can go through a sequence of pre-treatment steps to control 
particulate matter content, adjust temperature and correct humidity to optimal levels. The 
waste air is distributed homogenously through the filter bed. Periodic irrigation of nutrients 
is necessary to supply essential inorganic compounds required for microorganism growth 
and maintenance. The advantages of biofiltration over other methods are the low energy 
input requirement, the absence of dangerous substances or extreme operational 
conditions, the fact that the polluting agent is destroyed and not transferred to another 
phase (and thus avoiding a secondary waste stream) and its cost-effectivity to treat large 
volumes (up to 105 m3 h-1) at low concentrations (less than 5 g m-3) [47]. On the other hand, 
the disadvantages consist of clogging of the medium due to particulate matter or by 
compaction, deterioration of the medium, difficult moisture, pH and nutrients control, low 
efficiency when treating high concentration of pollutants and mass transfer limitations 
when treating hydrophobic compounds [44]. 
1.3.2 Performance of a biofilter 
The performance of a biofilter is determined by three main different parameters: Inlet load 
(IL), Empty Bed Residence Time (EBRT) and Removal Efficiency (RE) (Table 1). The latter 
parameters allow to compare within different biofilter studies. Based on the RE and IL, the 
Elimination Capacity (EC) can be calculated. EC and IL is used in many studies to investigate 
the operational line of a certain biofilter set-up. The Critical Load (CL) is the highest IL 
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whereby a RE of 100% is reached. The EBRT is determined by the gas flow rate and empty 
bed volume. By decreasing the EBRT, the rate of transfer and degradation of VOC is also 
decreases because the contact time between the gas phase, the liquid phase and the 
biomass is reduced. Different studies indicate that the EBRT should be at least greater than 
the required time for the diffusion process [4, 48]. The suggested minimum EBRT is 30 s for 
compost media and 60 s for soil media [49]. The Net Residence Time (NRT) is the realistic 
residence time of air in the biofilter and based on NRT, the porosity can be calculated.  
Table 1 Main operation parameters of biofilters [46] 
Parameter Unit Equation Description - Remark 





Mean residence time of the gas 
in an empty unpacked reactor 
Inlet Load (IL) g m-3 h-1 Q∙Ci
V
 
Mass of pollutant entering the 
biofilter per unit of time and 
unit of volume of filter bed 






Percentage of pollutant 
removed in the biofilter per 
pollutant fed to the biofilter.  
Net Residence Time (NRT) s V∙θ
Q
 
Mean residence time of the gas 
in a packed reactor. It depends 
on the void space of the filter 
medium. 
Elimination Capacity (EC) g m-3 h-1 Q∙(Ci-C0)
V
 
Mass of pollutant degraded per 
unit of time and volume of filter 
bed. Main indicator of a 
biofilter performance.  
Critical Load (CL) 
 
g m-3 h-1 Maximum IL Higher IL at which RE is still 
100 % 
CO2 production rate g m-3 h-1 Q∙(CO2,o-CO2,i)
V
 
CO2 produced by inside. It is the 
difference of the CO2 measured 
between inlet and outlet. 
Where V: Volume of reactor [m3], Q: Gas flow rate [m3 s-1], θ: Filter bed porosity or void space 
of the filter medium [-], Ci: Inlet pollutant concentration [g m-3], Co: Outlet pollutant 
concentration [g m-3], CO2,i: Inlet carbon dioxide concentration [g m-3], CO2,o: Outlet carbon 




During the biological degradation, the organic compounds are converted into CO2, water 
and biomass. The CO2 generation rate can be obtained by calculating the difference 
between inlet and outlet. The produced CO2 can be higher than the CO2 calculated by using 
the stoichiometry due to endogenous respiration and respiration of biogenic material [46]. 
1.3.3 Operational parameters 
To maximise the biodegradation of VOCs, several factors of the biofilter can be optimised. 
An adequate understanding and study of this factors are essential for a proper design and 
operation. 
1.3.3.1 Temperature 
Temperature affects the microbial activity and mass transfer properties. Aerobic 
microorganisms can be classified in three temperature classes: psychrophilic 
microorganisms, which have an optimal growth below 20°C; mesophilic microorganisms, 
between 20 to 40°C and thermophilic microorganisms above 45°C [44]. Most biofilters 
operate at ambient temperatures between 20 to 25°C. Higher temperatures can increase 
the reaction rate but decrease the VOC solubility in water [50]. 
1.3.3.2 pH 
The impact of pH depends on the species present in the biofilters but also on the kind of 
pollutant to be removed. It has a direct effect on the enzymatic activity, microbial growth 
and influence on the availability of nutrients. Most microorganisms are neutrophilic and 
perform best in the pH range 7 to 8 but some microorganism (mainly fungi) present higher 
activity at lower pH (~ pH 4), while other microbiota are active at higher pH [44]. Some 
microorganisms are not able to tolerate pH fluctuations larger than 2 to 3 units. Therefore, 
it is important to count with a buffered media (by using limestone, crushed oyster shells or 
calcium hydroxide) to neutralise acid by-products. Formation of inorganic acids (H2SO4, 
HNO3, HCl) can occur when halogenated or sulphur VOCs are oxidised (e.g. H2S treatment 
from animal houses), reducing the pH over time. Hence, it is necessary to remove the acidic 
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metabolites through periodic washing with water or adding a suitable medium (e.g. 
limestone) [4, 46, 51]. 
1.3.3.3 Oxygen 
The presence of O2 is essential for the aerobic degradation of pollutants. Usually, the 
oxygen present in the waste gases is enough for the biodegradation of VOCs but additional 
oxygen supply can be required if the concentration of VOCs is too high. A minimum ratio of 
100 moles of oxygen per mole of pollutant is recommended [7, 51]. 
1.3.3.4 Nutrients 
The pollutant is the carbon source for the microorganisms. Other nutrients such as 
nitrogen, potassium, phosphorous, vitamins and trace metals are also required and should 
be supplied either from the packing material or by addition from a mineral medium. 
Nutrients are a key factor to sustain the activity and growth of microorganisms [45, 50]. 
Some typical nutrient solutions used include KH2PO4, NaxH3-xPO4, KNO3, (NH4)2SO4, NH4Cl, 
NH4HCO3, CaCl2, MgSO4, MnSO4, FeSO4, Na2MoO4, and vitamins [52]. The following cell 
composition relations have been reported for bacteria: C4H8NO2, C4H8NO2, C5H8.3NO1.35, 
CN0.25P0.02H1.6O0.4; while for fungi and yeast C4H7N0.06O2 and C5H7NO2 respectively [46]. 
1.3.3.5 Moisture content 
Microbial populations require water to support their metabolic activity. The recommended 
moisture content is 30 to 60 % (w/w) to maintain activity. This can be obtained by 
humidification of the inlet gas to a relative humidity (RH) higher than 95% [46]. Biofilters 
connected to animal houses are mostly wetted by trickle water through the packing 
material. Low moisture levels can lead to dryness of the filter bed and development of 
channelling that can form short-circuits that reduce the residence time. On the other hand, 
an excess of water can lead to more resistance for the mass transfer phenomena (producing 
anaerobic areas), leaching of nutrients and changes in residence time. Fungi can tolerate, 
better than bacteria, low water content and reduced water activity (aw) [46]. The aw is the 
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partial vapour pressure of water in a substance divided by the standard state partial vapour 
pressure of water. 
1.3.4 Pressure drop and microbial aspects 
1.3.4.1 Pressure drop 
The pressure drop through the filter bed is affected by the nature of the media such as the 
particle size, shape, porosity, moisture content and compaction of the packing material, but 
also on the biomass growth and gas velocity. The lower the pressure drop, the less energy 
required to overcome the back pressure of the filter bed and the lower the operating costs. 
Typical total pressure drops range between 1 to 10 hPa [51]. Several correlations have been 
reported to link pressure drop with viscosity of air, porosity of packing, particle diameter 
and filter bed height but there is no universal correlation to accurately predict pressure 
drop using different packing material and type of microorganisms [45]. From an economical 
point of view, the pressure drop must be limited to avoid excessive ventilation costs. 
1.3.4.2 Microbial community 
Microbiota are the catalysts for the degradation of the pollutants in the biofilter. 
Microorganisms can eliminate the substrate by catabolism to form oxidation products or 
by anabolism for the synthesis of new cells. The community is commonly composed of 
bacteria, fungi and actinomycetes [53]. In terms of biomass density, reported values show 
between 106 and 1010 CFU of bacteria and actinomycetes per gram of bed, respectively. 
Microorganisms can be inherently present in the packing material (e.g. compost, soil and 
peat biofilters) or can be inoculated to enhance a faster start-up [44]. Optimal conditions 
regarding oxygen, nutrients, moisture, temperature and absence of toxic materials need to 
be supplied to the biofilter to allow microorganism survival and maintenance [54]. Table 2 






Table 2 Species of bacteria and fungi found in biofilters [46] 
Bacterial 
species 
Absidia, Acremonium, Alcaligenes, Arthrobotrys, Bacillus, 
Bordetella, Coprinus, Corynebacterium, Drechslera, 
Micrococcus, Mortierelia, Pseudomonas, Rhodococcus, 
Streptomyces, Sphingomonas, Trichoderma, Tsukamurella, 
Xantomonas.  
Fungal species 
Aspergillus, Bjerkandera, Bipolaris, Cladosporium, 
Cladophialophora, Exophiala, Fusarium, Leptodontium, Mucor, 
Phanerochaete, Pleurotus, Paecilomyces, Pseudeurotium, 
Penicillium, Rhizopus, Scedosporium, Sporothrix, Trametes. 
Fungi 
Fungal biofilters present some advantages compared to bacterial biofilters. Fungi are active 
in acidic and neutral pH while bacteria require a nearly neutral environment and are less 
tolerant to pH fluctuations. Fungi survive better to lower water content and reduced aw. 
Optimal bacterial growth has been reported with aw larger than 0.9 while some fungi have 
been reported to grow at values as low as aw equal to 0.6 [55]. The architecture of the fungal 
aerial mycelium provides enhanced mass transfer of the pollutant and oxygen and its small 
diameter allows a high specific surface area. Fungi can handle better pollutant mixtures and 
fluctuating loading patterns in comparison to bacteria. Hydrophobic pollutants have a 
favourable partition within the fungal biomass due to small protein coatings called 
hydrophobins, a water-repellent layer specific to filamentous fungi [56]. On the other hand, 
fungal biofilters present some drawbacks as well. The presence of filamentous 
microorganisms can lead to a higher drop pressure across the packing material. Some 
species of fungi present potential pathogenicity having a higher risk than bacterial 
microorganisms. Fungal growth process is slower than bacterial growth leading to longer 
start-up periods. Finally, fungi appear to grow in a limited number of substrates in 
comparison to bacteria [56]. These characteristics allow fungal microorganisms to become 
an interesting alternative for biofiltration of hydrophobic compounds, especially due to the 
possibility of working with a low water content avoiding the mass transfer limitations across 
the water layer. 
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Innovations in microbial community analysis 
Semi-quantitative information about micro-organisms on packing material can help to 
understand the performance of biofilters. Less insight can be obtained by cultivate bacteria 
or apply microscopic analysis. A first breakthrough was obtained with fingerprint 
techniques. The DNA mix of bacteria communities could be extracted and multiplied with 
PCR. Different phyla and strains are characterised by different DNA lengths. The different 
lengths can be separated with denaturing gradient gel electrophoresis (DGGE). The most 
abundant species can be extracted and evolution of some strains over time can be 
investigated [57-59]. Recently, the fingerprint technique based on DGGE is not the standard 
method anymore because of its low quantitative character and bias. Different strains can 
have overlap and are difficult to separate. New techniques are based on the identification 
of 16S RNA regions in the DNA of a microbial community. By multiplying this specific part 
of the DNA, gene sequencing results in a typical code that can be related to genome banks 
to identify which strain is detected (Metagenomics). This metagenomics technique gives 
insight in the relative abundance of a certain strain in the whole community. The strength 
of this technique is based on the genome bank and the availability of 16S RNA code 
knowledge. Every day, new strains are being identified and as a result, metagenomics 
microbial community analysis will increase in the future [60]. 
1.3.5 Hydrophobicity of VOCs 
VOCs can be subdivided based on its hydrophobicity. When two phase systems with air and 
water are considered, the equilibrium can be described by the Henry’s law coefficient, 
defined as the ratio of the partial pressure (or gas concentration) of the organic compound 
to the compound concentration in the water phase, at equilibrium. The term apparent 
Henry’s law coefficient or gas-to-liquid partition coefficient (KAW) is used in case the liquid 
phase is not pure water (e.g. water containing salts) and the gas phase is air. KAW is defined 
as the ratio of the concentration of a compound in the air phase (Cair,eq) and the 






 (T=cte) (1.1) 
Table 3 presents some VOCs in function of KAW. The latter fundamental parameter 
determines whether a compound belongs to the hydrophilic group, moderate hydrophilic 
group or hydrophobic group. Compounds having a KAW less than 0.1 belong within the group 
of hydrophilic compounds. Mass transfer from gas phase to liquid phase is substantial for 
hydrophilic VOCs and when the biodegradability is high, high performances can be obtained 
(e.g. acetone) in most cases. When KAW increases, mass transfer decreases due to mass 
transfer restrictions by the water layer on the biofilm. If the concentration of a hydrophobic 
VOC in the liquid phase is low, microorganisms which can degrade are limited by mass 
transfer and not by the biodegradation rate [61].  
 
Table 3 Selected VOCs ordered by their hydrophobicity [62] 



























KAW at 25°C (-) 0.0001 - 0.099 0.1 - 0.99 1 - 70 
Mass transfer 
limitation risk 
Low Medium High 
 
Over the past decades, the improvement of the mass transfer of hydrophobic VOCs has 
been an important research topic. Hexane is a model compound for the treatment of 
hydrophobic VOCs. Some additional specific properties of n-hexane are a boiling point of 
69°C, vapor pressure at 20°C of 16.2 kPa, solubility at 20°C of 0.013 g L-1, H between 36 to 
70 (at 25°C), and octanol-water partition coefficient (log Kow) between 3.3 to 3.9 [63-66]. 
Hexane is derived from crude oil and natural gas. It is one of the 187 hazardous air 
pollutants listed in the US Clean Air Act for being known or suspected to cause cancer or 
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other serious health effects, such as reproductive effects or birth defects, or adverse 
environmental effects [67]. It is a common pollutant deriving from many food and chemical 
industries. The primary use of hexane is as a solvent to extract vegetable oil from crops but 
also as cleaning agent in the textile, furniture, printing and pharmaceutical industry [68]. 
Hexane is one of the most hydrophobic VOCs emitted around the world, known by its high 
H and low bioavailability due to the low mass transfer from gas to biofilm [64].  
1.3.6 Treatment of hexane using bioreactors 
Several studies have focused on the removal of hexane using biological techniques. Table 4 
lists recent studies with their relevant operating parameters and analytical method used. 
Firstly, it is clear for the removal of n-hexane that biofilters are the most studied reactors 
among the biotechnologies, possibly due to its cost-effectivity to treat VOCs from waste 
gases at industrial scale. Secondly, stirred tank bioreactors are the most energy demanding 
techniques among the biotechnologies. Due to the mechanical agitation, mixing of the non-
aqueous phase (NAP) with water is energy demanding. Moreover, the gas needs to 
overcome a high pressure to flow through the liquid (water + NAP), and that can negatively 
impact the interest in studying it [69].  
The use of gas chromatography (GC) seems to be the standard analysis technique. Probably, 
the choice of GC is based upon the fact that the objective of several works has been the 
determination of EC under different conditions once the steady state was reached or across 
long time spans. Data about the transient response of the biofilter against dynamic changes 
seems to be limited and the use of online measurements could be an opportunity to provide 
further information in this area. Selected Ion Flow Tube Mass Spectrometry (SIFT-MS), a 
technique that allows real-time quantitative analysis of VOCs and other gases, can be used 
to follow-up these changes [70]. 
Some works have focused on the simultaneous removal of hexane with other compounds. 
Examples of the above are the removal of hexane under intermittent loads of toluene [71], 
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under continuous or intermittent feeding with ethyl acetate and toluene [72], with 
methanol [73], or with benzene [74].  
The start-up period in fungal biofilters can take longer than bacterial biofilters because 
these microorganisms have relatively slow growth rates. The low concentration and limited 
solubility of hydrophobic compounds further contribute to longer start-up times. The effect 
of different carbon sources to shorten the start-up period has been studied by Vergara-
Fernandez, Hernandez and Revah [75]. The carbon sources included pure hexane; glycerol, 
because it is a substrate easy to degrade; 1-hexanol because it is the first product of n-
hexane oxidation; and wheat bran because it is a substrate that has been often studied to 
promote growth of fungi. The results showed that the time to reach steady state since n-
hexane was fed, could be reduced from 36 to 7 days.  
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Table 4            Summary of studies in relation to n-hexane removal 
 
Reactor Microorganism/inoculum Packing material Other conditions IL 
(g m-3 h-1) 
EC 








BF Activated sludge Peat + perlite v = 20 - 100 m3 m-2 h-1 
C = 0.36 - 2.9 g m-3 
27 - 344 16 - 120 10 - 67 n.a. GC - FID [76] 
BF Activated sludge Compost + perlite + 
crushed oyster shells 
EBRT = 1 - 2 min 
C = 0.36 - 0.72 g m-3 
v = 24 - 48 m3 m-2 h-1 
21 8.4 - 21 40 - 99 n.a. GC - FID [77] 
BF Bacterial consortium Perlite EBRT = 60 s 
C = 0.5 - 1 g m-3 
Q = 2.5 L min-1 
pH 7 
120 0 - 70 0 - 58 20 GC - FID [78] 
BF Fungal consortium Perlite EBRT = 60 s 
C = 0.5 - 1 g m-3 
Q = 2.5 L min-1 
pH 4 
160 0 - 110 0 - 69 60 GC - FID [78] 
BF Fungal consortium Compost + lava rock EBRT = 1.3 - 2 min 
C = 1 - 11 g m-3 
T = 35 - 45 ºC 
9 - 600 0 - 400 0 - 100 n.a. GC [79] 
BF Aspergillus niger Expanded clay Q = 4 L h-1 
C = 2 - 20 g m-3 
50 - 450 0 - 300 0 - 100 n.a. GC - FID [80] 
BF Pseudomonas 
stutzeri 
Perlite Q = 0.4 L min-1 
C = 0 - 7 g m-3 
0 - 200 0 - 115 NR n.a. GC [81] 
BF Pseudomonas 
aeruginosa 
Poraver beads EBRT = 60 s 
Q = 1.5 L min-1 
C = 3 - 6 g m-3 
pH = 7 
180 0 - 60 0 - 20 n.a. GC - FID [82] 
BF Fusarium solani Perlite EBRT= 60 s 
C = 0.5 - 1 g m-3 
Q = 2.5 L min-1 
0 - 550 0 - 130 0 - 100 70 GC - FID [83] 
BF Fusarium solani Perlite with 5 % silicone oil EBRT= 60 s 
C = 1 - 15 g m-3 
Q = 2.5 L min-1 
pH 4 
180 - 680 0 - 580 0 - 100 150 GC - FID [84] 
BF Fusarium solani Modified peat moss EBRT = 4.4 min 
Q = 0.35 L min-1 
C = 1- 22 g m-3 
60 - 300 10 - 110 n.a. 5 GC - FID [85] 
BF Fusarium solani Modified pine sawdust EBRT = 4.4 min 177 - 202 60 - 130 n.a. n.a. GC - FID [85] 
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Q = 0.04 L min-1 
C = 12.5 - 14 g m-3 
BF Rhinocladiella similis Perlite + wheat bran EBRT = 1.1 min 
Q = 0.2 L min-1 
C = 0.2 - 10 g m-3 
0 - 520 0 - 35 0 - 100 < 5 GC - FID [86] 
BF Presudomonas putida, 
Chryseobacterium 
indologenes, Bacillus cereus 
Aspergillus sp., Penicillium sp. 
Granular activated carbon EBRT = 123 s 1 n.a. 25 n.a. GC [87] 







EBRT = 1.25 min 
C = 0.59 g m-3 
29 0 - 15 0 - 52 n.a. GC - FID [69] 




Perlite EBRT = 60 s 
pH 4 - 7 
17 - 177 55 70 n.a. GC - FID [88] 
BTF NR Diatomaceous earth EBRT = 2 min 
C = 0.45 - 0.72 g m-3 
Q = 1.36 L min-1 
pH = 4 - 7 
6 - 48 4.4 - 39 37 - 94 n.a. GC - FID [89] 
BTF Activated sludge Porous ceramic EBRT = 25 s 
Q = 6 L min-1 
27 - 106 n.a. 38 - 60 n.a. GC - FID [65] 
MB NR - v = 400 
C = 0.03 - 2.4 g m-3 
33 24 73 n.a. n.a. [44] 
RDB Activated sludge - EBRT = 30 - 120 s 
C = 0.024 - 0.196 g m-3 
2950 1680 57 n.a. GC - FID [90] 
STB Fusarium solani 1.35 L Mineral medium + 
0.15 L silicone oil 
Q = 1.5 L min-1 
400 rpm 
pH 4 
0 - 1575 0 - 580 0 - 67 160 GC - FID [84] 
Where BF: Biofilter, BTF: Biotrickling filter, STB: Stirred tank bioreactor, RTD: Rotating drum biofilter, MB: Membrane bioreactor, GC: Gas chromatograph, FID: Flame ionization detector, C: Hexane concentration, 




1.4 Air scrubbers 
1.4.1 Principle 
Air scrubbers have a relatively basic design (Figure 6). An inert plastic packed bed provides 
an enlarged specific surface to make sure the scrubber liquid that is flowing uniformly on 
the top of the packed bed, makes an intensive contact with the incoming air. The air can 
flow in countercurrent or crosscurrent opposite to the trickled scrubber liquid. The packing 
material must preferably not contain dry spots to avoid inefficient performance [91]. In 
Flanders, air scrubbers are applied to treat waste gases from pig houses and to reduce NH3 
and odour emissions to the environment. Also in other biobased industries like composting 
and manure treatment facilities, air scrubbers are deployed. The waste air from pig houses 
is ventilated through a central ductwork system to merge different gas streams from 
different locations in the barn. Air is flowing in a pressure room (minimal three meter 
length), which makes the connection with the air scrubber. The pressure room is put under 
pressure with ventilators that wipe away the air from the central ductwork.  
When the air flows along the liquid film, the VOCs will equilibrate between the liquid phase 
and the gas phase.  
 
In the liquid phase, different removal mechanisms can play a role [92]. Absorbed VOCs can 
further be oxidised by micro-organisms (biological air scrubber) or by oxidation products 
(oxidative air scrubber) [93, 94]. NH3 can also be treated by an acid air scrubber.  
1.4.1.1 Acid chemical scrubber  
A sulphuric acid scrubber solution is applied to keep the pH below 4 [95]. Due to the low 
pH and the higher pKa of NH3, i.e. 9.25 (25°C), the absorption of NH3 in water is increased 
because the physical absorption is followed by an acid base reaction producing NH4+ and 
 
28 
sulphate ions. This acid base reaction keeps the concentration of free NH3 at the air-water 
interphase low and thus maximises the NH3 mass transfer from air to water. In continuous 
operations, a constant addition of pollutants occurs and eventually the amount of 
ammonium sulphate accumulates. A pH- and ECliquid-electrode is necessary to control the 
liquid composition. The measurement of pH controls the addition of sulphuric acid, while 
the ECliquid-electrode can discharge water when the ECliquid values exceed a threshold value. 
The spray water, from acid scrubber has typically a maximum ammonium sulphate 
concentration of 2.1 mole L-1 [91]. This stream can be used on agricultural fields as nitrogen 
source [96].  
 
Figure 6 Schematic overview of a field-scale air scrubber applied in agricultural sector. 1: fan, 
2: dust removal section, 3: packing material for removal of gaseous pollutants, 4: mist 
eliminator, 5: liquid distribution plate, 6: tank with pH control or nutrients, 7: water 
recirculation pump, 8: discharge pump, 9: measurement of pressure drop and 10: 
washing liquid tank. A pH and ECliquid meter is also provided on the recirculation liquid 
flow to control the washing liquid and discard water when necessary. 
1.4.1.2 Biological scrubber 
The operational working principles of biological scrubbers is similar as an acid scrubber, but 
the NH3 removing mechanism is biologically based. The absorbed NH4+ can be oxidised to 
NO2- with Nitrosomonas bacteria and provides the feed for Nitrobacter bacteria that can 
oxidise NO2- to NO3- [97]. High NO2- or NH4+ concentrations can inhibit the bacteria [98]. 
Therefore, the maximum amount of nitrogen present in the washing liquid must not exceed 
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3.2 g L-1. Also, when starting up a biological air scrubber, bacteria need several weeks or 
months to establish a certain consortium in the washing liquid and biofilm on the packing 
material and have good performance [99]. 
1.4.1.3 Combined systems 
Biological or chemical acid air scrubbers can be applied on its own, but also in a 
combination. Since the working principles are slightly different, a multiple stage approach 
is applied. It is for example possible to have a biological scrubber as a first stage and a 
chemical scrubber as a second stage. The scrubber liquid of each stage requires a 
completely separated control system and no scrubber liquid can be mixed between stages. 
In some cases, a combination of an air scrubber with a biofilter is made. The aim for this 
combination is to obtain an optimal NH3 removal in the air scrubber and a good odour 
removal by the biofilter. 
1.4.2 Gas-liquid mass transfer  
1.4.2.1 Theory 
Evaluating mass transfer characteristics is the key to understand VOC behaviour in air 
treatment systems. Lewis and Whitman (1968) described mass transfer with the use of two 
phases (e.g. gas and liquid) which have different concentrations and are not in equilibrium 
according to the Henry’s law. Pollutants are transported to the gas-liquid interphase from 
the gas or liquid phase with a certain velocity. This velocity is dependent on the properties 
of the gas, liquid and pollutants which are quantified with the use of mass transfer 
coefficients. Mass transfer is determined by a combination of different local mass transfer 
coefficients: gas phase mass transfer rate coefficient (kG), liquid phase mass transfer rate 
coefficient (kL) and biofilm mass transfer rate coefficient (kB) (Equation 1.1) [100]. The 
overall volumetric mass transfer rate (R – g m-3 s-1) describes the mass that is actually 
transferred from the gas phase to the liquid phase per m³ reactor volume per second 
(Equation 1.2) [101]. KLa and Kga are equal to the volumetric mass transfer coefficient along 
the liquid and gas side, respectively, CG and CL are equal to the gas and liquid concentration 
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of the pollutant. KLa or Kga is the product of the overall mass transfer coefficient (KL or Kg – 
m s-1) and the specific surface (a – m² m-3) where mass transfer takes place [92]. From 
Equation 1.2, it can be concluded that R can be increased by different mechanisms. i) 
Decreasing the liquid film (δfilm) by reducing the liquid flow in e.g. bio trickling filters or 
increasing the stirring speed in stirred tank bioreactors. ii) Increasing the gas liquid contact 
by choice of packing material (effect on a and KL or Kg) or by increasing mixing characteristics 
(effect on KL or Kg). iii) The mass transfer can be increased by decreasing KAW which increases 
the gradient of concentrations. The latter can be performed by altering the liquid phase. 






-CL)  = KLa (
CG
KAW
-CL) = Kga (CG- KAW CL) (1.2) 
1.4.2.2 Increasing mass transfer by altering liquid phase 
Different mechanisms have been proposed to increase the mass transfer of VOCs in gas-
liquid systems by altering the liquid phase. Figure 7 visualises different gas-liquid systems 
that have been investigated in previous works. The non-aqueous phase (NAP) has been 
investigated by numerous researchers to increase the mass transfer of hydrophobic VOCs 
in gas-liquid systems (Figure 7b). The addition of a NAP will form an extra non-soluble phase, 
turning the gas-liquid system into a three-phase system. In a three-phase system, VOC 
partitioning behaviour will occur between water-air, water-NAP and NAP-air. The affinity of 
a VOCs should be as high as possible. As a result, a low volumetric percentage NAP is 
necessary to increase to total affinity of a VOC to the liquid (e.g. less than 20%). Muñoz et 
al. (2012) reviewed extensively the use of silicone oil, ionic liquids, hexane decane applied 
in bioreactors (stirred tank reactors, membrane reactors, biotrickling filters and biofilters) 
[102]. In general, the investigators found that the bioreactors performance to treat 
hydrophobic compounds could be increased significantly. However, the use of NAP causes 
an extra investment cost and post processing oils is not convenient. 
Surfactants are chemical compounds with a hydrophobic carbon chain and a hydrophilic 
head which forms a layer at the gas-liquid interface (Figure 7c). When high concentrations 
are used, micelles are formed that can be soluble in the water phase. It was shown by Vane 
et al. (2000) that the VOCs can be absorbed in micelles and thus decrease the partitioning 
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coefficient between air and water [103]. In addition, the mass transfer of hexane to water 
solutions with surfactants could increase the partitioning behaviour towards the water 
phase [104]. As the H value is closely related to the mass transfer, it was shown that also 
the mass transfer coefficient can be increased with the presence of surfactants [105]. 
Cyclodextrins (CD) are another type of water soluble molecules which can increase the 
affinity of VOCs with a water solution (Figure 7d). CDs are cyclic α-D-glucopyranoside in a 
barrel configuration. The inside of the barrel is hydrophobic and outside is hydrophilic. This 
explains the ability to sorb VOCs inside the molecule and having a high solubility in water 
[106]. Affinity studies showed that is useful to apply CD to water to absorb hydrophobic 
compounds. However, the affinity is very compound specific and needs more investigation 
[107]. 
 
Figure 7 Different mechanisms to increase mass transfer from gas to liquid: (A) Basic gas-liquid 
system with air and water, (B) gas-liquid system with water and NAP, (C) gas-liquid 
system with soluble CDs and (D) surfactant addition to water. 
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1.5  Outlook 
Investigating scientific literature on biofilters and air scrubbers, some research deficiencies 
became noticeable. First, many studies on biofilters are focussing only on static 
performances, while transient conditions related to industrial applications are poorly 
understood. The use of solid hydrophobic packing material which can be embedded in 
conventional biofilter packing material is limited in literature. Furthermore, fundamental 
studies to investigate partition coefficients between gas and liquid are being determined 
with static methods. These methods have low to moderate reproducibility and assume 
equilibrium between gas and liquid. Better methodologies could enhance the experimental 
design to investigate fundamentals in (innovative) gas-liquid systems. Moreover, the link 
with fundamental studies and pilot or full-scale applications is poorly investigated.  
1.6 Aim and outline of this study 
1.6.1 Aim 
Air quality is a universal concern because of its proven negative effects on human health, 
environment and global ecosystems. Next to source-oriented measures, the application of 
air treatment techniques is still indispensable to avoid or reduce anthropogenic emissions. 
Air treatment systems have been applied for several decades. However, basic mechanisms 
are still unclear and unravelling these aspects would increase the knowledge to understand 
and improve current systems. Emphasis will be put on VOCs because of their role in odour. 
VOCs are organic molecules with a vapour pressure larger than 10 Pa, making them volatile 
under normal atmospheric conditions. Therefore, the global aim of this study is: 
 
Obtain a better understanding of the dynamics of VOCs in waste gas treatment systems, in 




This general aim will be investigated regarding different specific aims. Air scrubbers have a 
simple design and operation. However, the VOC interaction between the waste gas and the 
scrubber liquid is very complex. Absorption of VOCs is the most important transport 
mechanism. Understanding absorption requires the evaluation of gas-liquid partitioning 
coefficients. This fundamental parameter will be the foundation of this thesis.  
 
[1] A new method will be developed to measure gas-liquid partition coefficients in a 
fast, reliable and reproducible way. The new methodology will be applied to measure gas-
liquid partition coefficients in function of different parameters and in addition, new 
innovative gas-liquid systems will be investigated to increase the mass transfer from gas to 
liquid.  
[2] These fundamental parameters will serve as input for an advection-absorption 
model on a pilot-scale scrubber. Finding a relationship between fundamental partitioning 
data and mass transfer can generate a design tool to understand the effect of parameters 
in the liquid on VOC behaviour, with emphasis on mass transfer.  
[3] Innovative biofilter set-ups will be evaluated to improve the removal of 
hydrophobic VOCs and real-time VOC monitoring will be used to get an insight in dynamic 
behaviour of biofilters with a focus on industrial situations. 
[4] Applying knowledge generated in the previous part for the interpretation of the 
results of field measurements in emissions from pig houses as an example of real building 
exhaust gases. 
1.6.2 Outline 
The outline of this thesis and the coherence between different chapters is graphically 




Chapter 1 highlighted general aspects of air pollution and its negative effects on human 
health and the environment. Different air treatment systems were discussed which can 
reduce and avoid pollutant emissions. Regarding their industrial importance, emphasis was 
put on biofiltration and air scrubbers. With regard to VOCs, special attention was given to 
agricultural sources and their odorous effect on neighbourhoods. 
In Chapter 2, a new methodology (DynAb) will be developed to measure gas-liquid partition 
coefficients. The methodology will be applied in liquids containing different ammonium 
sulphate concentrations, at different temperatures and with a gas phase containing 
sulphurous organic compounds and aldehydes. 
The basic knowledge of the new method will be applied on different alternative gas-liquid 
systems in Chapter 3. Water-soluble additives will be tested and two phase systems with 
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water and oil will be evaluated for the suitability to increase the mass transfer from gas to 
liquid. 
To make the bridge between fundamental data and industrial application, a pilot-scale air 
scrubber will be used (Chapter 4). The link will be made between the fundamental partition 
data and mass transfer. A mathematical correlation will be made that can serve as design 
tool to evaluate mass transfer in function of any parameter that can influence the partition 
coefficient between gas and liquid. 
Biofilter studies will be performed to investigate whether the addition of a hydrophobic 
silicone foam can increase the removal efficiency of hydrophobic VOCs (Chapter 5). 
Industrial waste gas streams are characterised by transient conditions. A fungal biofilter will 
be put under stress and transient hexane loading conditions will be investigated (Chapter 
6). 
Field-scale measurements were performed on a set of biofilters and air scrubbers at pig 
houses (Chapter 7). Relationships with odour and VOC behaviour knowledge from previous 
chapters are linked. 
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The availability of reliable partition coefficients is of fundamental importance in many 
scientific areas. For example, partitioning coefficients are used in (i) human health studies 
for assessing the uptake of (inhaled) organic compounds in blood and body liquids [108-
110] (ii) in food industry to the describe the release of aroma’s from liquids [111-113] (iii) 
in waste gas treatment, to model the mass transfer of pollutants from the gas phase to 
liquid phase, which is invaluable for the reactor design [61].  
The partition coefficient is a temperature (T) dependent physical parameter expressing a 
compounds’ equilibrium between different phases. When an air/pure water two phase 
system is considered, the equilibrium is described by the Henry’s law coefficient, defined 
as the ratio of the partial pressure (or gas concentration) of the organic compound to the 
compound concentration in the water phase, at equilibrium. The term apparent Henry’s 
law coefficient or gas-to-liquid partition coefficient (KAW) is used in case the liquid phase is 
not pure water (e.g. water containing salts) and the gas phase is air. KAW is defined as the 
ratio of the concentration of a compound in the air phase (Cair,eq) and the concentration in 




 (T=cte) (2.1) 
Several methods are described in literature to determine the KAW. Two major groups can be 
distinguished. The first group consists of methods which (i) predicts the partitioning 
coefficients using literature data of vapour pressure and water solubility or (ii) rely on 
quantitative structure activity relationship (QSAR) methods which estimate the partitioning 
coefficients from the molecular structure using statistical relationships [114].  
It has to be noted that the measurement of the water solubility [115] and vapour pressures 
[116] is however time consuming. The mentioned methods do not allow to assess the effect 
of salt concentration and the effect of complex matrices (e.g. liquid samples from 
biotechnologies) on the partitioning coefficients [117]. Therefore, these effects and 
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individual coefficients should be determined experimentally. Different approaches can be 
used. 
The first approach (i) uses static equilibrium methods. The equilibrium partitioning in closed 
system (EPICS) is one of the most often used static methods. For the EPICS two or more 
closed two phase (air/water) systems are made containing the same amount (it is not 
necessary to know the exact amount) of the target analyte but different liquid volumes. 
After equilibrium, the concentration of the compound in the air phase is measured (as peak 
area). By applying mass balances over the two phase systems and by knowing the liquid and 
gas volumes, the KAW can be calculated [118, 119]. These methods were reviewed in detail 
by Staudinger and Roberts [114]. The main disadvantage of the static methodology are the 
high standard deviations (more than 10 %) on repeated measurements both for low (KAW 
less than 0.06) and high (KAW more than 8) partitioning coefficients [114]. Also between this 
range, high standard deviations are reported [120, 121]. Gas sampling in static systems is a 
possible cause of perturbations in the equilibrium between gas and liquid, which results in 
diverging results [114].  
A second experimental design (ii) uses a dynamic approach in which a spiked water solution 
(volume V) containing the target compound(s) is stripped with an inert gas stream (Q) at 
constant temperature. The partition coefficient can be deduced from the slope of the linear 





) = - (
KAW Q
V
) t (2.2) 
With Ct and C0 the gas concentration of the pollutant at time t and at time zero. This method 
assumes that (i) uprising air bubbles are in equilibrium with the liquid when they leave the 
liquid phase and (ii) the concentration of the compound in the liquid is uniform within the 
liquid volume, at all times. Equilibrium in the bubble column can be checked by altering the 
height of the liquid. On the other hand, the complete mixing is very difficult to check. If 
these assumptions are not met, they can result into an erroneous determination of KAW 
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[114]. Given the disadvantages/assumptions of the stripping methodology a new approach 
was developed. 
Firstly, the aim of this research is to develop a new and fast method to determine the gas-
to-liquid partitioning coefficients using an absorption method, further referred to as 
dynamic absorption method (DynAb method). Methodologies to evaluate KAW by means of 
absorption are very scarce in literature [125]. The absorption method by Dumont et al. 
(2010) uses a circulating contaminated air flow through liquid in a closed system. In this 
method the gas concentration decreases to an equilibrium concentration due to 
absorption. From the beginning and equilibrium gas concentration the KAW is calculated. 
Nevertheless, this method was assessed to be non-accurate by the authors. 
Secondly, the developed DynAb method, will be applied to determine the partitioning 
coefficients of important odorous compounds: dimethyl sulphide (DMS), dimethyl 
disulphide (DMDS), hexanal (HEX), 2-methylpropanal (2-MP) and 3-methylbutanal (3-MB). 
The removal of odorous compounds is important in the air treatment of livestock and bio-
waste valorisation facilities. This removal of odorant compounds is not well understood. 
Insights in the KAW leads to a better understanding of their removal and will help to model 
scrubber systems. Since sulphuric acid scrubbers are widely applied in livestock air 
treatment to remove NH3, the effect of temperature and ammonium sulphate 
concentration will be investigated. The latter concentration increases during scrubber 
operation and might influence the partitioning coefficients of odorous compounds and by 
consequence their removal efficiency. 
2.2 Materials and methods 
In the Dynamic Absorption method (DynAb method) a gas flow with a constant 
concentration of the organic compounds is bubbled through a liquid phase. The compounds 
undergo a transfer from the gas phase into the liquid phase until equilibrium is reached. 
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The compound concentration at the outlet is continuously monitored by SIFT-MS. From the 
observed outlet compound concentration profile (breakthrough curve), the partition 
coefficient can be determined.  
2.2.1 Gas generation system 
The generation of a gas stream with a stable compound concentration is an important 
prequisite to use the DynAb method. A schematic overview of the gas generation system 
and DynAb method setup is given in Figure 8. A pure nitrogen gas stream of 0.2 L min-1 (Q1) 
was controlled by a mass flow controller (MFC1) (Brooks Instruments, USA) and was 
introduced into a cylindrical chamber (length 25 cm and inner diameter 4 cm). Five ¼ inch 
(outer diameter) PTFE tubes, containing the five liquid target compounds (Merck, 
Germany), were connected with a stainless-steel capillary using a stainless steel Swagelock 
union and Teflon ferrules. To ensure a workable (and similar) compound concentration for 
all target compounds, a different capillary was selected for each individual compound 
(Internal diameter and length; DMS: 0.01 inch and 10 cm; DMDS, 2-MB and 3-MB: 0.02 inch 
and 5 cm). This choice for capillary diameter and length was based on the compounds’ 
vapour pressure. Due to the low vapour pressure of hexanal, no capillary but a PTFE tube 
(inner diameter of 4 mm, length 4 cm) was attached to the PTFE tube containing hexanal. 
These tubes were placed in the cylindrical tube. The compound diffuses at a constant rate 
from the PTFE tube through the capillary to the Q1-stream. The concentration difference 
between the air in the vial (saturated vapour pressure) and the Q1-stream provides a driving 
force for diffusion. To ascertain a constant diffusion through the capillary, the temperature 
of the cylindrical tube was held constant in a thermostatic cabinet at 40°C (Lovibond, United 
Kingdom). The polluted air stream (Q1) is further diluted by a nitrogen air stream (Q2, MFC2) 
to form air stream (Q3). The latter is necessary to avoid too high compound concentrations 
in the instrument (see further). 
 
The latter stream is fed to a MFC4 controlling the flow at 95±0.5 mL min-1 (Q4b). Stream Q4b 
is connected to a four-way valve (SS-43YFS2, Swagelok, Belgian fluid system technologies 
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bvba, Groot-Bijgaarden, Belgium). The surplus stream (Q5) is discarded. A valve assures that 
the pressure is above the working pressure (2 bar) of the MFC4. A pure nitrogen air stream 
(Q4a, MFC3) with the same flow as the polluted air stream (Q4b), was also connected to the 
four-way valve. The streams (Q4a, Q4b) can be diverted to the bubble column or discarded 
(hood) by turning the four-way valve. 
 
Figure 8 Schematic overview of the experimental setup of the DynAb method. 
2.2.2 Dynamic absorption method (DynAb method) 
A volume of water was pipetted into the bubble column (maximum volume: 70 mL). This 
glass bubble column was equipped with a sintered glass plate (Porosity P1, pore size 
between 100 and 160 µm) to enable generation of small air bubbles when air is bubbled 
through the liquid. Two bubble column sizes were used, i.e. one of 25 mL for liquid volumes 
up to 20mL and one of 100 mL for liquid volumes up to 70 mL. The bubble column was 
submerged in a temperature controlled water bath with a heating and cooling system. After 
temperature equilibration of the liquid (for at least 15 minutes) in the bubble column, the 
Q4a-pure air stream was send to the bubble column. At time zero (t0) the four-way valve 
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was turned whereby the gas stream entering into the bubble column changes from pure air 
stream (Q4a) to polluted air stream (Q4b). Compounds are now being absorbed in the liquid, 
until the liquid is in equilibrium with the gas stream. At that moment the compound 
concentration in the outgoing air stream is equal to the inlet gas concentration. The 
compound concentration in the outgoing air stream is continuously measured throughout 
the whole experiment by Selected Ion Flow Tube Mass Spectrometry (SIFT-MS). This results 
in a breakthrough curve (Figure 9; right curve). In order to allow for blank correction 
(possible adsorption of the target compounds onto glass and Teflon tubing), a breakthrough 
experiment was conducted for which the bubble column was filled with glass beads (3 mm) 
representing the same volume as the water phase (Figure 9; left curve). The area A between 
both breakthrough curves is proportional to the mass of absorbed compounds in the liquid 
phase. 
 
Figure 9 Breakthrough curve. Normalised gas concentration (COUT/CIN*100) in function of time 
(min). The grey area (A) is proportional to the absorbed mass of the compound in the 
liquid phase. 
From the measured absorption breakthrough curves, KAW can be calculated using Equation 
2.3 provided that the gas flow rate (Q) and liquid volume (V) are known and the area (A) is 
determined. Equation 2.3 is using the normalised gas concentration Cgas
norm, defined as the 
ratio of the outgoing compound gas concentration (COUT) and inlet compound gas 




represented as a percentage value. The time which is needed for the liquid to become in 
equilibrium with the gas phase (with a constant compound concentration) is theoretically 
infinite. But for practical reasons, equilibrium is assumed when the outlet concentration is 
at least five minutes equal to inlet concentration (i.e Cgas
norm = 100%). The shape of the sample 
breakthrough curve is influenced by mass transfer kinetics. The rising air bubble may or may 
not be in equilibrium with the liquid when the bubble is leaving the liquid. This results into 
breakthrough curves of different shape. Although the shape can change, the absorbed 
component mass (and thus the area A) will remain the same when equilibrium between the 
phases is obtained (applying the same compound inlet concentration). This is an important 
advantage of the DynAb method when compared to the dynamic stripping methods used 
in literature. The latter methods assume equilibrium between the rising air bubble and the 
























2.2.3 Selected Ion Flow Tube Mass Spectrometry 
The compound concentration in the gas stream leaving the bubble column was 
continuously measured by means of SIFT-MS throughout the whole experiment (Voice 200 
by Syft technologies, Interscience Louvain-La-Neuve, Belgium). SIFT-MS was introduced in 
the early 2000s and makes it possible to measure real-time gas concentrations of multiple 
compounds simultaneously [70]. The technique is based on the chemical ionization of 
pollutants using NO+, H3O+ and O2+ precursor ions, resulting in product ions which are 
detected by a quadrupole mass spectrometer.  
SIFT-MS is built up in three regions. Precursor ions are formed in region A by microwave 
discharge in humid air. A quadrupole mass filter will separate a complex mixture of different 
ions into a waste stream and a stream containing NO+, H3O+ and/or O2+ (respectively with 
mass 19, 30 and 32). These precursor ions will be selectively pass region A to the next 
region. The subsequent pass through of the three precursor ions takes place in a few ms 
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time range. By using three precursor ions, instead of only H3O+ in PTR-MS, the specificity 
can be increased to measure different VOCs simultaneously. 
Precursor ions enter one by one region B (flow tube) and will react with the analyte. The 
flow tube has a reduced pressure and contains helium. The sample stream with analytes 
enters this flow tube at a flow rate of approximately 30 mL min-1. Different reaction 
mechanisms are possible of the analyte with the precursor ions. The reaction of H3O+ with 
the analyte will transfer a positive hydrogen ion (H+) to the analyte to form analyte.H+. The 
reaction of NO+, O2+ with the analyte is a charge transfer to form analyte+. The reaction with 
O2+ can also induce analyte fragmentation to form fragment+ ions. On the other hand, H3O+ 
and NO+ can be attached to the analyte with the formation of analyte.NO+ or analyte.H3O+. 
Depending on the humidity of the sample air, also secondary product ions can be formed 
(analyte.H3O+.(H2O)x). The latter occurs when an excessive amount of H3O+.(H2O)x precursor 
ions are formed. Thus, a mixture of different analytes is formed in the flow tube (Region B). 
In region C, a quadrupole mass spectrometer will select specified product ions (based on 
software settings) that are detected and quantified by a multiplier detector. Because of the 
abundance of precursor ions in comparison with the product ions, the concentration of the 
analyte can be calculated based on the reaction rate, counts per second of the precursor 
ions and product ions. However, the correctness of reaction rates which is based on 
literature or models is questionable. Therefore, in quantitative studies a proper calibration 
system need to be applied to calculate correct response factors. Nevertheless, the 
specifications of SIFT-MS enable fast measurements (less than one second) of different 
VOCs simultaneously.  
The compound concentration in the air stream should be carefully monitored. Therefore, 
product ions must be chosen carefully based on a few criteria. 
i) the standard deviation on the product ion signals (during a 6 hour measurement) is less 
than 5%,  
ii) branching ratio (relative abundance (%) of a product ion formed from the reaction of a 
certain precursor ion with the target compound) is equal or more than 50 % and  
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ii) the reaction rate should be high (range of 10-9 M s-1) to make sure the signal-to-noise 
ratio is higher than 20 and  
iv) similar masses of different product ions should be avoided.  
The following product ions (based on NO+ precursor ion) were finally selected: m/z 63 of 
(CH3)2S+ (DMS); m/z 94 of (CH3)2S2+ (DMDS); m/z 71 of C4H7+ (2-MP); m/z 87 of C5H11O+ (3-
MB) and m/z 101 C6H13O+ (HEX).  
2.3 Results and discussion 
2.3.1 Gas Generation system 
The compound concentration was always kept below 2 ppmv. According to literature, when 
the total concentration stays below 5 vol%, the influence of the presence of other 
compounds on the KAW can be neglected. This means that the KAW of different compounds 
can be determined in a single experiment [114]. The inlet gas stream must have a constant 
concentration during the breakthrough experiment to gain reproducible KAW values. Long 
term measurements of more than six hours proved that pollutant concentration (0,1 to 2 
ppmv) remained stable (Relative Standard Deviation (RSD) was for DMS, DMDS, 2-MB, 3-
MB and HEX respectively 4.3, 4.9, 3.2, 3.8 and 3.2 %). 
2.3.2 Henry coefficient determination of the selected compounds 
The developed DynAb method was used to determine the KAW partitioning coefficients for 
DMS, DMDS, 2-MP, 3-MB and HEX in pure water systems. Therefore, the KAW values given 
in this section represent the dimensionless Henry coefficients. 
KAW partitioning coefficients were determined using the methodology described in the 
Material and Methods section. Therefore, 20 mL deionised water was transferred to the 
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bubble column and inserted in the temperature controlled water bath. The air flow rate (Q) 
of the compound loaded stream was set at 95 ± 0.5 mL min-1. The experiments were carried 
out at different temperatures (4, 11, 18 and 25°C). The experimental values are given in 
Table 5.  
In order to check the reproducibility of the DynAb method, the KAW values at 25°C were 
determined five times. The dimensionless KAW-values at 25°C for DMS, DMDS, 2-MP, 3-MB 
and HEX were 8.61 ± 0.20 10-2; 5.90 ± 0.23 10-2; 1.27 ± 0.06 10-2; 1.43 ± 0.05 10-2 and 1.41 
± 0.03 10-2 respectively. The RSD on the determined KAW ranged between 2.1 % (HEX) and 
4.7% (2-MP). These low RSDs illustrate the good reproducibility of determined KAW values 
using the DynAb method.  
Table 5 Gas-to-liquid partitioning coefficient KAW (-) of DMS, DMDS, 2-MP, 3-MB and HEX in 
function of temperature (T). CS is the ammonium sulphate concentration in the water 
phase (g L-1) 
  Gas-to-liquid partitioning coefficient KAW (-) 
CS (g L-1) T (°C) n DMS DMDS 2-MP 3-MB HEX 
0 4 1 2.79 10-2 1.70 10-2 1.96 10-3 2.25 10-3 1.54 10-3 
0 11 1 4.12 10-2 2.60 10-2 3.85 10-3 4.52 10-3 3.46 10-3 
0 18 1 6.08 10-2 4.15 10-2 6.91 10-3 8.20 10-2 6.80 10-3 
0 25 5 8.61±0.20 10-2 5.90±0.23 10-2 1.27±0.06 10-2 1.43±0.05 10-2 1.41±0.03 10-2 
The obtained KAW values were compared with literature data (Table 6). It should be noted 
that for 2-MB and 3-MB KAW values are only scarcely determined. When the data in Table 6 
are studied, considerable differences exists between KAW values that were determined 
using different methodologies.  The KAW determined with the dynamic methods correspond 
well with the obtained values in this study. Only 0.4 % and 3.9 % difference on average 
values was observed for DMS and DMDS respectively. Also, the RSD on the determined KAW 
values in this study are in most cases lower than the RSD on the KAW values determined by 
the other dynamic methods. 
 It can also be seen that for DMS the average KAW determined with the static methods (0.066 
at 25°C) is 23 % lower than the average of the KAW obtained by the dynamic stripping 
method (0.086 at 25°C). Also for DMDS, the average KAW of DMDS determined with the 
static method (0.049 at 25°C) is 23 % lower than the average of the KAW obtained by the 
dynamic stripping method (0.059 at 25°C). The RSD of all values for DMS and DMDS in 
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Table 6 is 19 and 21% respectively. This deviation is mainly caused by static methods. The 
RSD on the average of the KAW determined with static methods was 23% for DMS and 21% 
for DMDS. In comparison, the RSD on the average of the KAW determined with dynamic 
methods was 0.1 and 11 % for respectively DMS and DMDS. These lower RSDs on the KAW 
using the dynamic methods represent a mayor advantage over the static methods. Also, 
this study obtained better RSD on KAW than other dynamic methods. 
KAW were determined at different temperatures (4, 11, 17 and 25°C)(Table 5). The influence 
of the temperature on the KAW can be expressed by the Van ’t Hoff Equation (Equation 2.4). 






   (2.4) 
Where ∆HA→W and ∆SA→W are respectively the enthalpy and entropy change of the phase 
transfer from the air to the water phase, T is the temperature (K) and R is the universal gas 
constant (8.314 J mol-1 K-1). A linear plot of the natural logarithm of the dimensionless KAW 
in function the inverse of the temperature was made (Figure 10). From the slope and 
intercept, ∆HA→W and ∆SA→W was calculated (Table 7). The influence (based on ∆HAW) of 
the temperature on the KAW is the highest for HEX (∆HAW is equal to 71.8 kJ mol-1) and the 
lowest for DMS (∆HA→W is equal to 36.9 kJ mol
-1). Different literature data are shown in 
Table 7. The difference in ∆HAW is maximum 27 % lower for DMS and DMDS than this study 
[25, 41]. The difference for the aldehydes is higher but it should be noted that high RSDs 
are reported (2-MP: 20% [123] and 64% [140], HEX: 23% [123]). The RSD of ∆HAW in the 










Table 6 Overview of literature KAW-values (-) for DMS, DMDS, 2-MP, 3-MB and HEX for 
different methods 
Compound Method KAW (-) RSD (%) T (°C) Reference 
DMS     
 Model simulations 0.086 n.a. 25 [126] 
 Static headspace method 0.049 n.a. 37 [127] 
  0.050 < 15 25 [120] 
  0,050 0-8 25 [125] 
  0.061 n.a. 37 [128] 
  0.068 10.1 20 [129] 
  0.071 8.7 25 [130] 
  0.073 0.1 25 [131] 
  0.079 n.a. 37 [132] 
  0.084 8.3 25 [133] 
  0.125 6.1 22 [134] 
 Dynamic stripping method 0.085 n.a. 25 [135] 
  0.085 n.a. 25 [136] 
  0.087 10.6 25 [137] 
 Dynamic uptake measurements 0.086 20 25 [138] 
 Dynamic absorption method* 0.086 2.3 25  
      
DMDS Static headspace method 0.038 1,5 25 [130] 
  0.046 0.4 25 [133] 
  0.049 0-8 25 [125] 
  0.048 < 15 25 [120] 
  0.050 9.9 20 [129] 
  0.066 n.a. 25 [139] 
  0.090 11.1 22 [121] 
 Dynamic stripping method 0.056 n.a. 25 [135] 
  0.067 n.a. 25 [136] 
  0.070 6.8 25 [137] 
 Absorption in horizontal flow reactor 0.068 16.7 25 [140] 
 Dynamic absorption method* 0.059 3.9 25  
      
2-MP Dynamic stripping method 0.012 10.9 25 [136] 
  0.012 10.0 25 [123] 
 Dynamic absorption method* 0.013 4.7 25  
      
3-MB Dynamic stripping method 0.016 3,4 25 [136] 
 Dynamic absorption method* 0.014 3.5 25  
      
HEX Static headspace method 0.007 8.6 27 [141] 
  0.011 n.a. 25 [119] 
  0.012 n.a. 30 [142] 
  0.014 n.a. 37 [128] 
  0.013 7.7 37 [143] 
  0.017 n.a. 37 [127] 
  0.023 n.a. 37 [132] 
 Dynamic stripping method 0.013 13 25 [123] 
 Dynamic absorption method* 0.014 2.1 25  




Figure 10 Logarithmic plot of KAW (-)(y) in function of the reciprocal of the temperature 103 T-1 
(K-1)(x) for DMS, DMDS, HEX, 2-MP and 3-MB (n=1). According to Equation 2.4, the 
following linear regression was obtained for DMS: y = -4.4425x + 12,459 (R2=0.999); 
DMDS: y = -5.0318x + 14.087(R2=0.999); HEX: y = -8.637x + 24,715 (R2=0.999); 3-MB: 
y = -7.3328x + 20.394 (R2=0.999) and 2-MP: y = -7.4023x + 20.49 (R2=0.999). 
 
Table 7 Enthalpy (∆HA W) and entropy (∆SA W) change of the phase transfer from the air 
phase to the water phase for DMS, DMDS, 2-MB, 3-MB and HEX deduced from 
Figure 10 with Equation 2.4 
 DMS DMDS 2-MP 3-MB HEX 
∆HAW (kJ mol -1) 36.9±0.6* 41.8±2.0* 61.5±2.0* 61.0±2.0* 71.8±2.7* 
 30.7a 33.2a 37.4e  54.1f 
   29.1b,c 37.0d 43.1g  62.9g 
 30.8d     
      
∆SAW (J mol -1) 104±2* 117±7* 170±7* 170±7* 205±9* 
*This work, a[130], b[25], c[41], d[135], e[140], f[144], g[123] 
2.3.3 Effect of salt concentration on the KAW partitioning coefficients 
Sulphuric acid chemical scrubbers are frequently used for industries with NH3 sources 
(livestock, bio-waste valorisation, etc.). The NH3 is absorbed in the form of ammonium 
sulphate (AS). During scrubber operation, the AS concentration increases continuously in 
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the washing liquid. When the AS-concentration reaches a limit value, a fraction of the 
washing water must be drained and renewed by fresh water [145]. According to the Belgian 
regulation, the AS concentration cannot exceed 278 g L-1. Next to NH3, also odorous 
compounds are emitted, which can cause odour nuisance in neighbourhoods. In order to 
evaluate the scrubbers for the odorous gas removal, it is important that the effect of the 
AS concentration on the KAW value of typical odorous compounds is quantified. It should be 
mentioned that the odour detection threshold of NH3 is factor 4200 (2-MP) to 6800 (DMDS) 
higher than for the odorous compounds studied [146]. Therefore, the effect of the AS salt 
concentration (0 to 300 g L-1) on the KAW values was determined. The obtained KAW 
partitioning coefficients are given in Table 8. Increasing the AS-concentration from 0 to 300 
g L-1, increases the KAW drastically (factor 8.3 for DMS, 10.8 for DMDS, 10.0 for HEX, 5.8 for 
2-MP and 8.8 for 3-MB) (Table 8). The effect of the AS concentration on the KAW can be 
quantified by the Setchenow Equation (Equation 2.5). 
 
 
Table 8 Gas-to-liquid partitioning coefficient KAW (-) of DMS, DMDS, 2-MP, 3-MB and HEX in 
function of ammonium sulphate concentration in water (CS) 
  Gas-to-liquid partitioning coefficient KAW (-) 
CS (g L-1) T (°C) n DMS DMDS 2-MP 3-MB HEX 
100 25 3 1.85±0.03 10-1 1.31±0.03 10-1 2.22±0.07 10-2 2.95±0.06 10-2 2.68±0.06 10-2 
200 25 3 3.91±0.10 10-1 3.08±0.14 10-1 4.08±0.21 10-2 6.14±0.06 10-2 6.11±0.06 10-2 
300 25 3 7.18±0.08 10-1 6.36±0.18 10-1 7.38±0.52 10-2 1.26±0.04 10-1 1.41±0.08 10-1 





) = KS Cs (2.5) 
The KAW,0 and KAW,S represent the gas-to-liquid partitioning coefficient respectively in a pure 
water system and AS containing water system. The slope of a linear plot of the log 
(KAW,0/KAW,S) versus the salt concentration CS (M) in water is equal to the Setchenow salting-
out constant KS (M-1)(Figure 11). High regression coefficients were observed for all 
compounds (R2 more than 0.99). KS constant for DMS, DMDS, HEX, 2-MP, 2-MP is 0.42, 0.46, 
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0.43, 0.33 and 0.41 respectively. To the best of our knowledge, only one study has 
evaluated the influence of ammonium sulphate on the KAW (0.332 M-1) of DMS at 25°C [138]. 
The KS (M-1) values in AS for the five studied compounds are in the same order as benzene 
(0.366), trichloromethane (0.309), chloro-benzene (0.374), anisole (0.415) at 30°C [147]. 
For the aldehydes, a linear relationship between the KS and number of carbon atoms (from 
C4 to C6) was observed (R2 = 0.98). 
Since the KAW was also determined at a temperature of 4°C and AS concentration of 300  
g L-1 it was possible to calculate also the salting out constant at 4°C (Table 8). The KS (4°C) is 
for respectively DMS, DMDS, HEX, 2-MP and 3-MB 0.42, 0.45, 0.55, 0.39 and 0.46. The KS is 
3.7% higher at 4°C when compared at 25°C for DMS and decreased slightly with 0.2 % for 
DMDS. For the aldehydes a higher difference was observed. The KS at 4°C were 22.8 % 
(HEX), 16.6 % (2-MP) and 12.9 % (3-MB) higher at 4°C when compared to 25°C. 
 
Figure 11 Logarithmic plot of the ratio (log(r)) of the gas-to-liquid partitioning coefficient of a 
certain ammonium sulphate concentration (KAW,S) to the gas-to-liquid partitioning 
coefficient in pure water (KAW,0) in function of the concentration ammonium sulphate 
(CS)(M) for DMS and DMDS, HEX, 2-MP and 3-MB (n=3). The linear regression 
according to Equation 2.5 for DMS, DMDS, 2-MP, 3-MB and HEX are respectively: 
log(r)=0.42 Cs (R2=0.997), log(r)=0.46 Cs (R2=0.999), log(r)=0.33 Cs (R2=0.999), 
log(r)=0.41 Cs (R2=0.999) and log(r)=0.43 Cs (R2=0.995). 
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2.3.4 Theoretical considerations  
The KAW-values of the compounds were determined using a liquid volume of 20 mL, 15 mL, 
10 mL and 5 mL. The determined KAW-values were not significantly different from each 
other which shows that the determination of the KAW by the DynAb method is independent 
of the liquid volume V. However, the time needed to determine the KAW values (tmeasure) is 
dependent on i) the magnitude of the KAW, ii) the liquid volume used, iii) temperature at 
which the KAW should be determined. 
The lower the liquid volume, the less mass needs to be adsorbed and the smaller the time 
needed to obtain equilibrium. From the experimental data, a linear relationship was found 
between tmeasure and the product of the area between the breakthrough curves and the air 
flow rate (which is proportional with the absorbed mass in the liquid phase) (Figure 12a).  
 
Figure 12 (A) The measuring time (tmeasure)(min) in function of the area between the 
breakthrough curves times air flow rate (Q.A 10-3, mL) for V is equal to 20 mL and air 
flow rate 95 ± 0.5 mL min-1 for DMS and DMDS. Linear regression results in the 
following equation: tmeasure=0.36 Q.A (10-3) + 3.65. (B) Relative standard deviation on 
KAW based on  n=3 (RSD) (%) in function of the product of the area (A) between blank 
and sample breakthrough curve and the air flow rate (Q.A 10-3) for 20 mL of liquid 




The lower the KAW of the compound, the bigger tmeasure and the higher the resulting area 
between the breakthrough curves. For compounds with high KAW-values, the equilibrium 
time will be shorter and the resulting area between the breakthrough curves will be lower.  
When the product of the area A (min) and the air flow rate Q (mL min -1) becomes smaller 
than 5000 (when gas concentration is normalised to 100 (Cgas
norm), a higher relative standard 
deviation (more than 5%) on the determined KAW was observed (Figure 12b). In order to 
avoid high RSD on the KAW, the liquid volume (V, Equation 2.3) should be carefully chosen.  
Figure 13 provides a nomogram (based on Equation 2.3) that can be used to determine the 
optimal liquid volume to perform the experiment (acceptable RSD and low tmeasure). It can 
be seen that the highest KAW that can be reliable measured is 0.4 when a liquid volume of 
20 mL is chosen (Figure 13b).  
 
Figure 13 Logarithm of the calculated area A (min) between breakthrough curve of blank and 
liquid sample times flow rate Q (mL min-1) (Log(Q.A)) (mL) in function of gas-to-liquid 
partitioning coefficient (KAW)(-) for (A) lower coefficients and (B) higher coefficients. 
The areas are based on normalised concentrations to 100 (-). The dotted line 
represents the minimum Q.A (log(5000)=3.7) that should be used to calculate KAW 
with a RSD lower than 5 %. 
If the target compound has higher KAW, a larger liquid volume should be used. For 
compound with a low KAW, the liquid volume can be reduced in order to avoid an excessive 
analysis time. For example, the tmeasure for 2-MB (1.27 10-2) was 1 hour using a volume of 20 
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mL. This tmeasure could be reduced to only 15 minutes by lowering the liquid volume to 5 mL. 
Using the DynAb method, it is possible to measure KAW (-) values in the range between 10-3 
and 102. 
2.4 Conclusions 
A new dynamic absorption method (DynAb) for measuring gas-to-liquid partition 
coefficients (KAW) was developed. The method is based on the absorption of target 
compounds from a constant gas concentration stream in the liquid and monitoring the 
outlet target concentration by SIFT-MS. From the breakthrough curve of the outgoing 
target concentration, KAW can be calculated. An important advantage is that the method is 
applicable without reaching equilibrium concentrations in the gas bubbles leaving the liquid 
phase.   
In this study, DynAb was applied for measuring gas-to-liquid partitioning coefficients of 
odour compounds (dimethyl sulphide, dimethyl disulphide, 2-methylpropanal, 3-
methylbutanal and hexanal). By using the developed method, KAW in the range between  
10-3 and 102 (dimensionless, concentration based) can be measured in short time (less than 
15 minutes) and with high reproducibility (RSD less than 5 %). The effect of temperature (4 
to 25°C) and ammonium sulphate (AS) concentration (0 to 300 g L-1) was investigated to get 
more insight in the scrubber performance. When the temperature increases from 4 to 25°C, 
the KAW increases with a factor 5. Rising the AS concentration (0 to 300 g L-1), increases this 
factor up to 10. This implies that a lower removal efficiency will be obtained in scrubbers, 
due to a lower mass transfer. The determination of KAW values of odorous compounds in 
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Mass transfer of Volatile Organic Compounds (VOC) is an important physical process in 
different fields. In food industry e.g., insight into the behaviour of VOCs is essential to 
understand aroma release [148]. In air treatment systems, the limiting factor in water based 
absorption processes for VOCs, determining the mass transfer of VOCs from the air to the 
water phase, is quantified as the equilibrium partition coefficient between air and water 
(KAW)(Equation 3.1) [92].  
The presence of dissolved salts, suspended solids, additives, surfactants in the water phase 
alters the partitioning when compared to pure water systems and therefore it is more 
correct to use the term air-to-water partition coefficient (KAW). The latter is defined as the 
ratio of the equilibrium concentration of a VOC in the gas phase to the concentration in the 
water phase with the presence of solutes, at equilibrium [114]. The lower the KAW, the 
higher the driving force from the gas to liquid. In real systems, the mass transfer is also 
affected by the design of an air treatment systems, both in an operational (gas residence 
times, liquid and gas turbulence) and a structural way (type of air/liquid contactors).  
Three different non-reactive strategies can be used to enhance the mass transfer from gas 
to liquid compared to pure water systems (See Figure 7, Chapter 1): (i) addition of water 
soluble additives; (ii) using a two- phase liquid system consisting of water and an immiscible 
organic phase, and (iii) adding miscible organics with the water phase. 
Cyclodextrins (CD) are a group of water soluble additives with the potential to be used in 
industrial air treatment processes [149]. CDs are cyclic polysaccharides that contain a 
hydrophobic cavity that enables it to make complexes with organic compounds in water. 
The most commonly used CDs are α-, β- and γ-CD with respectively six, seven and eight α-
D-glucopyranose units in their structure. Their maximum water solubility is respectively 112 




 (T=cte)  (3.1) 
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β-CD (2-HP-β-CD) can increase the solubility in water to more than 250 g L-1 [151]. Today, 
CDs are used in micro sensors for the detection of VOCs [152], as stationary phases in 
chromatography to separate isomers [153, 154] and as excellent drug delivery transport 
molecules in humans and animals [155]. The partitioning of pollutants between CDs and 
water has only been studied for compounds with low vapour pressures (non-VOCs), mainly 
for applications in water treatment [156]. Different recalcitrant hydrophobic organic 
compounds are reported to be efficiently removed by CD in soil remediation [157]. Bulk 
production is realised for the production of odour neutralizing sprays containing CD 
molecules used in households [158]. Application of CD into air scrubbers is however not 
reported in literature. Therefore, it must be emphasised that it is essential to first evaluate 
KAW values in function of the applied concentration CD. In addition, Landy et al. (2012) 
reviewed different studies related to the biodegradability of CD in water by micro-
organisms. They concluded that the biodegradability of the CD-pollutant complex is more 
biodegradable than the pollutant itself [159]. 
However, studies focussing on partitioning are limited and only focus on a limited set of 
target VOCs compounds. Static headspace or related methods were used to evaluate KAW 
values [107, 119, 134, 160]. It was shown in Chapter 2 that high differences between 
different literature data can occur. Therefore, more reliable robust dynamic methods were 
suggested [161]. Different studies were found in literature, but are not directly related to 
air treatment systems. Gao et al. (2009) studied the effect of the addition of 2-HP-β-CD (0-
100 g L-1 between 35 and 65°C) on the KAW for chlorinated compounds (trichloroethylene 
and perchloroethylene) and aromatic compounds (benzene, toluene, ethylbenzene and o-
xylene). The KAW could be reduced up to 35 times for ethylbenzene using 100 g L-1 2-HP-β-
CD [160]. Lantz et al. (2005) investigated the interaction of sulphur compounds (hydrogen 
sulphide, methanethiol and dimethyl sulphide (DMS), dichloromethane and ethyl ether 
with different types of CD (α-CD, β-CD, γ-CD, sulphated-α-CD and β-CD, dimethyl-β-CD, 2-
HP-β-CD, carboxymethyl-β-CD and hydroxypropyl- γ-CD). It was highlighted that dimethyl-
β-CD and α-CD had the most favourable interaction with e.g. DMS [134]. Aroma compounds 
like hexanal, 2-octanone, ethyl butanoate, 2-heptanone, 2-hexanone, 2-hexenal, 2-
butanone and 1-hexanol were studied by Jouquand et al. (2004) using β-CD. They found 
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that the aromatic compounds favoured nonpolar-nonpolar interactions with the cavity that 
avoid their release during food processing [119]. Partitioning data of halogenated VOCs 
were determined using α-CD, β-CD and γ-CD solutions at temperatures between 0.2 and 
53°C by Ondo et al. (2011). Uptake of halogenated VOC in water was increased by CD 
addition; however, this was very CD dependent [107]. 
In the last two decades much effort was put in the addition of a non-aqueous phase (NAP) 
to the water in order to increase the mass transfer of hydrophobic compounds to the liquid 
[92, 162]. Several NAPs were tested, characterised with different physical-chemical 
properties including silicone oil (SO), hexadecane and ionic liquids, mostly for oxygen, 
hexane, toluene, benzene, DMS and DMDS and phenol [162]. In three-phase systems 
consisting of air, water and NAP, the KAW term does not completely define the equilibrium 
condition. The partition coefficient between air and liquid consisting of water and NAP 
(KA,W+NAP) can be calculated based on the volumetric ratio (xv) of the NAP, KAW (xv = 0) and 










 (1-xv)  (3.2) 
However, the KA,NAP data can differ substantially in literature. For example, the KA,NAP of 
dimethyl sulphide (DMS) using SO as NAP and measured by Darracq et al. (2010), Dumont 
et al. (2013) and De Guardia et al. (1996) is on average 0.0086 (-) but the Relative Standard 
Deviation (RSD) (n=3) is rather high (69 %) [120, 163, 164]. A remark is the fact that the 
viscosity of the SO was different between the studies and ranged from 4.1 [120] to 5 cm2  
s-1 [125], which means that the high RSD can be explained by the different methodologies 
employed to measure KA,NAP values. Therefore, it can be suggested that using dynamic 
absorption techniques, like DynAb (Chapter 2), are more reliable to determine partition 
coefficients [161]. Comparing the KA,NAP literature data with the KAW of 0.086 makes it clear 
that DMS has a higher affinity for SO, and proves its potential to use it in air cleaning 
applications. Hexadecane (C16 alkane) is another NAP that was reported different times 
[162]. The KA,NAP of DMS and DMDS is reported as 0.0088 and 0.0007 respectively [165]. The 
affinity of hexadecane is 2% lower with DMS and 60% lower with DMDS in comparison with 
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literature data for SO [120, 163, 164]. Quijano et al. (2011) investigated liquid imidazolium 
ionic liquids. These organic compounds with ionic properties also have a high affinity for 
DMS and DMDS. The KA,NAP for DMS and DMDS with [C4mim][PF6] was 0.011 and 0.0013 
respectively. Another ionic liquid structure like [C4mim][NTf2] alters the KA,NAP for DMS and 
DMDS to 0.009 and 0.0012 respectively [166]. Diethyl sebacate, heptamethylnonane, 1-
octadecene and heptamethyltrisiloxane are other NAP systems of which partitioning 
studies were performed [162].  
Another strategy consists of the application of water-miscible solvents. These solvents are 
completely miscible in water. Partition coefficients between gas and a mixture will further 
be indicated as air-to-mixture partition coefficients (KAM). To the best of our knowledge, no 
partitioning data is available for such mixtures. New data can be however very useful to 
evaluate new alternatives to be used in air treatment techniques. 
The aim of this chapter is to get insight in the partitioning behaviour of a set of odorous 
VOCs between gas and liquid. Different liquid systems containing addition products, water-
miscible or immiscible solvents will be evaluated. This chapter will provide new data on 
partitioning behaviour that will be used in Chapter 4 to quantify mass transfer 
characteristics in a pilot-scale scrubber, relying on partitioning data. Reliable and robust 
dynamic approach will be used to determine partitioning data [161]. The DynAb method 
was applied using a homemade VOC generation system to get reliable and constant VOC 
streams. Online gas concentration measurements were conducted using Selected Ion Flow 
Tube Mass Spectrometry (SIFT-MS). Three water soluble CD molecules (α-, β- and 2-HP-β-
CD), one water-miscible solvent (dipropylene glycol methyl ether, DPMGE) and two water 
immiscible oils (isopropylmyristate (IPM) and SO) were chosen as model products given its 
low toxicity, low volatility and the bulk availability. Two organic sulphur containing 
compounds (DMS and dimethyl disulphide (DMDS)) and three aldehyde compounds (2-
methylpropanal (2-MP), 3-methylbutanal (3-MB) and hexanal (HEX)) were selected as 
target VOC because of their importance in causing odour nuisance. Binding constants 
between CD and VOC and KA,NAP values will be measured and compared with literature data. 
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This fundamental data is of utmost importance for Chapter 4, reactor design and modelling 
of air treatment systems which will be further discussed. 
3.2 Materials and methods 
3.2.1 Additives of mixture systems 
The liquid systems (CDs, water-miscible solvents and NAP) used in this study have distinctive 
differences in water solubility, presence of function groups and absorption capacity. β-CD 
and 2-HP-β-CD were purchased from Roquette Frères (Lestrem, France), while α-CD was 
delivered by Acros Organics (Belgium). Next to cyclic polysaccharides, also maltodextrin 
(Roquette Frères, Lestrem, France) was shortly evaluated to compare a linear sugar 
polymer with a circular polymer (CD). The KAW was determined in the solubility range of the 
CD solutions [150, 151].  
DPGME is a water-miscible solvent which is used as solvent in paints and organic waste 
cleaning. IPM is applied in the cosmetic industry with bulk capacity and has a low volatility 
and toxicity. It is formed by the esterification of isopropanol with myristic acid (C14:0). Both 
were purchased from Labo WTC (Belgium). SO is commonly used as lubricant, thermic fluid 
and hydraulic fluid and was purchased from Sigma Aldrich (Belgium). The kinematic 
viscosity was provided by the supplier and was 20 cm2 s-1. The molecular weight or polymer 
length is not specified by the manufacturer. IPM and SO are not soluble in water and will 
form a two phase system with water.  
3.2.2 Determination of partition coefficients 
As different liquid systems are used, a strict nomenclature for the air-to-liquid partitioning 
coefficients is used. The term KAW, KA,W+NAP and KAM is respectively used for i) CD water 
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solutions, ii) three-phase systems with air, water and NAP and iii) mixture of water with 
water-miscible solvent DPMGE. 
The KAW, KA,W+NAP and KAM were determined with the Dynamic Absorption method (DynAb 
method) and the method details can be found in Chapter 2 [161]. Briefly, a volume V (1 to 
20 mL) of water containing a concentration of CD or mixture of IPM/SO/DPMGE with water 
was pipetted into a bubble column. The column was submerged in a temperature 
controlled water bath to provide a temperature of 25°C. In the bubble column, an air stream 
originating from a VOC generation system was introduced as small air bubbles. In this way, 
an intense contact was made between air and liquid to partitioning VOCs. The DynAb 
method does not require equilibrium between the liquid and the gas bubbles (Chapter 2) 
[161]. 
3.2.2.1 VOC generation system 
Two different generation systems were used to generate a constant VOC stream and differ 
substantially from the one in Chapter 2 (Figure 14). System 1 was used for the 
determination of the KAW in CD based systems. A solution with DMS, DMDS, 2-MP, 3-MB 
and HEX in water was put under pressure in a stainless-steel vessel (3 bar) and was 
connected to a liquid mass flow controller (LC 1) (Quantum, Brooks Instruments, USA). A 
N2-stream (Q1,sys1) was controlled by a mass flow controller (MFC 1) at 10 L min-1 and was 
fed together with the liquid stream (Set point LC 1: 5 g h-1) into a vaporizing system 
(80°C)(Brooks Instruments, USA) where the generated aerosol vaporises it into the N2 
stream. In this manner, an air concentration between 100 and 500 ppbv was obtained for 
the different compounds.  
System 2 was applied when evaluating SO, IPM and DPMGE based systems for partitioning 
behaviour with DMS and DMDS. A 1.5 L min-1 N2-stream (Q1,sys2), controlled by a MFC 1, was 
split into two streams (Q1,a and Q1,b). The Q1,a flow was split into two parts which flows 
through two separate metal vessels containing 99.9% DMS and DMDS liquid (Merck, 
Belgium). The flow entering the metal vessel is controlled by a restriction at the inlet. The 
restriction for the DMS containing vessel is made from a Teflon tube of 75 cm with internal 
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diameter of 0.18 mm. The restriction for DMDS containing vessel was made with a stainless-
steel capillary with length 5 cm and internal diameter of 0.25 mm. The difference in length 
and internal diameter can be explained by the vapour pressure of DMS, which is more than 
10 times higher compared to DMDS. By increasing the length and reducing the internal 
diameter, the restriction increases and the flow through the metal vessel can be reduced. 
The metal vessels were placed in a thermostatic cabinet at 25°C to maintain a constant 
vapour pressure. It should be emphasised that Q1,a is only flowing in the headspace of the 
metal vessel and not through the liquid. The ratio of stream Q1,a and Q1,b could be altered 
by valve 1. The compound loaded stream Q1,a, is mixed again with Q1,b.  
 
Figure 14 Experimental set-up for the measurement of breakthrough curves with the DynAb 
methodology. 
The stream generated by system 1 or 2 (Q1,sys1 and Q1,sys2) was put under a pressure (3 bar) 
and was connected to MFC 3 which controls the outgoing stream Q3 to 87 ± 0.5 mL min-1. 
The pressure before MFC 3 could be adjusted by valve 2. The excess of stream Q1 was 
leaded to the waste. In parallel, a pure N2 stream (Q2: 87 ± 0.5 mL min-1) was controlled by 
MFC 2. Both stream (Q2 and Q3) were connected to a four-way valve. 
3.2.2.2 Absorption experiment 
Initially, Q2 is fed to the bubble column filled with a volume of the solution of CD, or mixture 
of IPM, SO or DPMGE with water. IPM and SO formed a two phase liquid and DPMGE and 
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CD formed a one phase liquid. V ranged between 1 and 20 mL depending on the absorption 
capacity of the liquid (Chapter 2). At time zero (t0), a four-way valve was turned, thereby 
the pure nitrogen stream Q2 was switched with the polluted stream Q3 and the latter 
passes by consequence through the bubble column containing the liquid. The compounds 
are being absorbed in the liquid, until the moment the liquid is in equilibrium with the gas 
stream. At that moment, the compound concentration in the outgoing air stream is equal 
to the inlet gas concentration. The compound concentration in the outgoing air stream is 
continuously measured throughout the whole experiment by SIFT-MS. Details about the 
calculation of KAW were discussed in Chapter 2  
 
Figure 15 Breakthrough curves (partly visualised) of DMDS with α-CD solutions between 0 and 72 g 
L-1. The inlet stream was 87 mL min-1 with constant DMDS concentration. The volume size 
for all breakthrough curves was 5 mL at 25°C. Normalised gas concentration COUT/CIN*100 
is put in function of time. The area left of the breakthrough curve is correlated with the 
absorbed mass in the solution (Chapter 2). 
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3.2.3 Selected Ion Flow Tube Mass Spectrometry 
The compound concentration in the gas stream leaving the bubble column was 
continuously measured by means of SIFT-MS (Voice 200 by Syft technologies, Interscience, 
Belgium) [70]. The following product ions (m/z) were registered: (CH3)2S+ (62) for DMS, 
(CH3)2S2+ (94) for DMDS, C6H11O+ (99) for HEX, C4H7O+ (71) for 2-MP and C5H11O+ (87) for 
HEX. 
3.3 Results and discussion 
The measurement of partition coefficients is a crucial aspect in evaluating the removal of 
volatile organic compounds by biological and chemical based air pollution abatement 
systems. The mass transfer of VOCs from gas to liquid in air scrubbers is mainly driven by 
the value of KAW [92]. To evaluate the effect of VOC partition behaviour with the scrubbing 
liquid on the removal efficiency of the VOCs, the KAW partitioning coefficients of DMS, 
DMDS, 2-MP, 3-MB and HEX in CD solutions were measured using the DynAb method. 
KA,W+NAP or KAM for respectively SO/IPM and DPMGE were evaluated for DMS and DMDS. 
3.3.1 Effect of cyclodextrins on the partition coefficients  
Initially, all additives where tested at 10 g L-1 (25°C). The KAW decreases significantly when 
β-CD (10 g L-1) was added to the water. When compared to KAW,0 (KAW for pure water) [161], 
the KAW was 48, 60, 29 and 47 % respectively lower for DMDS, HEX, 2-MP and 3-MB. The 
decrease for DMS is 5 % but does not differ significantly from KAW,0. The KAW values declines 
when α-CD (10 g L-1) was added, except for 2-MP. The value dropped with 36, 67, 84 and 
32 % for respectively DMS, DMDS, HEX and 3-MB. In comparison with β-CD, 2-HP-β-CD has 
a higher solubility in pure water. However, at a concentration of 10 g L-1 2-HP-β-CD the KAW 
for DMS and DMDS is similar as the KAW of water. The use of non-circular sugar molecules 
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like maltodextrin (10 g L-1) does not affect the KAW significantly which means that the 
interaction of the target compounds with single α-D-glucopyranose units is unlikely. The 
hydrophobic cavity is essential for the absorption of the target molecules. CD compounds 
offer the potential to increase the capacity of the liquid phase to absorb VOCs and were 
furthermore investigated in detail. Figure 15 shows the interaction of DMDS with an 
increasing α-CD concentration in water. With an equal amount of liquid (V), the time to 
equilibrate is longer for increasing α-CD concentrations. The longer the equilibration time 
with the same liquid volume, the higher the absorbed amount of DMDS in the liquid and 
the larger the area A between the blank and sample breakthrough curve. This results 
eventually in a lower KAW value (Chapter 2). 
The KAW values for DMS, DMDS, 2-MP, 3-MB and HEX were experimentally determined in 
the solubility range of α-CD, β-CD and 2-HP-β-CD (Table 9). A quantitative determination of 
the binding constant (K) between the VOC and the CD was established. K is a 
thermodynamic equilibrium constant and describes the equilibrium between CD and the 
guest molecule which is bound in the hydrophobic cavity of the CD (1:1 complex) [107, 167] 
(Equation 3.3). The K value can be calculated using Equation 3.4 and describes 
mathematically how much additive is necessary to decrease KAW [107]. 








The higher K, the stronger the binding affinity between the guest molecule and the CD and 
the smaller the concentration needed to lower the KAW. CCD represents the concentration 
CD in water expressed in mole L-1, whereas KAW,0 is the air-to-water partition coefficient in 
pure water. The parameter Cst represents the standard molarity (1 mole L-1). Based on the 
VOC concentrations in the air phase (~0.5 mg m-3) and the applied CD concentrations 
(minimal 2.5 g L-1), a CD/molecule molar ratio in the order of approximately 104 was applied. 
In this case, the equation developed by Ondo et al. (2011) (Equation 3.4) was valid to 
calculate K for the five VOC in function of α-CD, β-CD and 2-HP-β-CD concentration 
(Table 10). The highest binding constant (K = 667) was obtained for the complex formed 
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between α-CD and HEX. The complex of DMS and β-CD forms the least favourable complex 
(K = 6).  
 
Table 9 Air-to-water partition coefficient (-) KAW of DMS, DMDS, HEX, 2-MP and 3-MB for α-
CD, β-CD and 2-HP-β-CD solution at 25°C in function of different concentrations  
(CCD – g L-1). KAW values were multiplied with 102  
Table 10 Binding constants (-) of the CD-VOC complex at 25°C 
Figure 16 shows the possible orientations of the VOCs in α-, β- and γ-CD. Dimensions of the 
CD molecules are based on the work of Saenger et al. (1998) [106]. The bound length 
 Air-to-water partition coefficient (-) KAW 102 (25°C) 
CCD  DMS DMDS HEX 2-MP 3-MB 
β-CD (n=3) 
0 8.26 ± 0.58 6.01 ± 0.33 1.51 ± 0.05 1.36 ± 0.09 1.47 ± 0.11 
2.5 9.20 ± 0.42 5.13 ± 0.13 1.25 ± 0.04 1.23 ± 0.05 1.34 ± 0.06 
5 8.26 ± 0.16 4.08 ± 0.09 0.78 ± 0.03 1.05 ± 0.04 1.03 ± 0.09 
7.5 7.72 ± 0.12 3.41 ± 0.10 0.69 ± 0.01 1.01 ± 0.02 0.87 ± 0.02 
10 7.88 ± 0.21 3.14 ± 0.09 0.60 ± 0.04 0.96 ± 0.06 0.78 ± 0.03 
12.5 8.01 ± 0.84 2.80 ± 0.23 0.57 ± 0.05 0.96 ± 0.05 0.83 ± 0.07 
15 7.76 ± 0.78 2.51 ± 0.08 0.48 ± 0.04 0.92 ± 0.07 0.70 ± 0.07 
17.5 7.32 ± 0.84 2.21 ± 0.14 0.41 ± 0.04 0.81 ± 0.07 0.60 ± 0.05 
2-HP-β-CD (n=1) 
0 8.26 ± n.a. 6.01 ± n.a. 1.51 ± n.a. 1,36 ± n.a. 1.47 ± n.a. 
20 7.87 ± n.a. 2.56 ± n.a. 1.02 ± n.a. 1.02 ± n.a. 0.97 ± n.a. 
50 6.26 ± n.a. 1.25 ± n.a. 0.35 ± n.a. 0.67 ± n.a. 0.47 ± n.a. 
75 4.95 ± n.a. 0.82 ± n.a. 0.20 ± n.a. 0.54 ± n.a. 0.32 ± n.a. 
200 3.67 ± n.a. 0.33 ± n.a. 0.10 ± n.a. 0.35 ± n.a. 0.15 ± n.a. 
300 2.59 ± n.a. 0.21 ± n.a. 0.06 ± n.a. 0.23 ± n.a. 0.09 ± n.a. 
α-CD (n=3) 
0 8.26 ± 0.58 6.01 ± 0.33 1.51 ± 0,05 1,36 ± 0.09 1.47 ± 0.11 
9 5.28 ± 0.34 2.01 ± 0.07 0.24 ± 0.02 1.36 ± 0.25 1.01 ± 0.03 
18 4.61 ± 0.29 1.26 ± 0.07 0.11 ± 0.01 1.05 ± 0.12 0.72 ± 0.06 
27 4.02 ± 0.10 0.91 ± 0.05    1.00 ± 0.07 0.55 ± 0.07 
54 3.00 ± 0.37 0.47 ± 0.09    0.83 ± 0.09 0.41 ± 0.09 
72 2.91 ± 0.44 0.42 ± 0.06    0.75 ± 0.09 0.41 ± 0.08 
 DMS DMDS HEX 2-MP 3-MB 
β-CD 6 ± 5 108 ± 5 168 ± 15 42 ± 7 89 ± 12 
α-CD 29 ± 7 197 ± 17 667 ± 88 12 ± 2 42 ± 9 
2-HP-β-CD 10 ± 1 129 ± 5 118 ± 13 23 ± 2 67 ± 5 
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between sulphur and carbon was calculated with Chemsketch software and the size of the 
molecule was scaled towards the CD sizes to have a realistic view of the inclusion 
complexes. Marvinsketch software was used to calculate the volume of the target 
molecules. Using the maximum projected molecular surface area and the length 
perpendicular to this surface, the volume of the compound can be estimated.  
 
Figure 16 (A) 3D visualisation of β-CD (www.nanotechweb.org) and (B to F) possible inclusion 
complexes between CD and the VOC (B: DMS, C: DMDS, D: 2-MP, E: 3-MB and F: HEX). 
The lines of the barrel CD structures are α-CD ( ), β-CD, ( ) and γ-CD ( ) 
according to Saenger et al. (1998). The non-indicated grey-stacked structures represents 
H atoms. 
The estimated volume of DMS, DMDS, HEX, 2-MP, 3-MB is 116, 166, 221, 151 and 189 Å3 
respectively. The internal cavity volume of α- and β-CD is 172 and 262 Å3 respectively [106]. 
A linear relationship was found between K and the ratio of the estimated molecular volume 
to the cavity volume, except for the branched molecules (2-MP and 3-MB). The higher the 
ratio of these volumes, the higher K. DMS has a lower K for β-CD than for α-CD and the K 
for DMDS is higher than DMS. Branched molecules like 2-MP (K = 42) and 3-MB (K = 89) 
have a lower K value than the non-branched aldehyde HEX (K = 168). In those cases, the K 
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value for β-CD is 4 times (2-MP) and 2 times (3-MB) higher than for the α-CD complex. The 
branched carbon chain makes the projected surface larger in comparison with the linear 
carbon chain in HEX. Therefore, the α-CD cavity is too small to bind well with the branched 
aldehydes. The K values for the aldehydes are lower for 2-HP-β-CD than β-CD, probably due 
to the steric hindrance of the HP groups of 2-HP-β-CD. This is not the case for the sulphide 
compounds where the K value is higher using 2-HP-β-CD when compared to β-CD. 
Herewith, an extra interaction occurs through hydrogen bridges between the sulphur 
atoms and the HP groups while the carbon chain of the aldehydes can be affected by 
repulsion to enter the hydrophobic cavity.  
3.3.2 Two-phase systems 
Other than the water-miscible CD system where the liquid behaves as one entity, the use 
of a NAP will form a three-phase system together with air and water. Intermolecular 
interactions between the oil the VOC are causing the enhanced mass transfer in a two phase 
liquid. The KA,W+NAP partition data of SO and IPM is presented in Figure 17. The ratio of the 
KAW,0 (equal to H) with KA,W+NAP is related in function of different volumetric ratios (xv) of NAP 
in water. There is a linear relationship for DMS and DMDS with the SO and IPM two phase 
systems. The slope of this linear curve is a measure for the interaction of the NAP with the 
VOC (Figure 17). The slope of SO with DMS and DMDS is 7.0 and 44.9 respectively. The slope 
for IPM is 1.8 times (DMS) and 2.9 times (DMDS) higher than SO, meaning that the 
interaction for IPM with the sulphide compounds is better than SO. When xv is equal to 1 
(pure NAP system), the KAW,0/KA,W+NAP ratio is equal the partition coefficient between NAP 
and the water (KNAP,W). The KNAP,W of DMS and DMDS is equal to 8.02 and 45.5 using SO. On 
the other hand, for IPM, the KNAP,W is equal to 13.8 and 131.4 for DMS and DMDS. The larger 
KNAP,W of IPM when compared to SO, can be explained by the larger amount of carbon chains 
in IPM than in SO (only methyl groups), causing more intermolecular interactions.  
The availability of interaction data is of excessive importance for reactor design. Data in 
literature about partition data of IPM for sulphide compounds is to the best of our 
knowledge not available. However, partition measurements have been performed for SO 
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in combination with DMS and DMDS by limited number of researchers and are tabulated in 
Table 11. The relative standard deviation (n=4) of the KA,W+NAP for SO of DMS and DMDS is 
69 and 29 % respectively. The mean KA,NAP was reported as 0.86 10-2 and 0.11 10-2 for DMS 
and DMDS. This mean is 20 % lower than the value in this study (DMS and DMDS) but does 
not significantly differ from literature data (Table 11).  
 
Figure 17 The air-to-water partitioning coefficient (KAW,0) to the air-to-mixture partition coefficient 
(KAM) for DPMGE mixtures or the ratio to KA,W+NAP for the use of a NAP. The ratio is put in 
function of the volume ratio (xv) of SO/IPM/DPMGE for DMS and DMDS. A linear function 
y = a.x + b is fitted towards the SO and IPM data. An exponential function y = a.eb*x is used 
for the fitting of the DPMGE data. 
 
Table 11 Air-to-water+NAP (KA,W+NAP) and air-to-water (KAW) partitioning coefficients for DMS and 
DMDS (25°C). Silicone oil and water was used as two phase system. All values are 
multiplied with 102 
 DMS DMDS 
xv 0 0.2 1 0 0.2 1 
[125] 5.01 1.73* 0.71 4.92 0.49* 0.14 
[164] † † 0.33 † † 0.076 
[161] 8.61 † † 5.90 † † 
[163] 7.35 2.57 0.71 4.51 0.62  0.14 
[120] 5.00 † 1.68 4.80 † 0.092 
Mean + std. 6.49 ± 1.8  2.57 ± 1.8 0.85 ± 0.6 5.03 ± 0.6 0.62 ± 0.4 0.11 ± 0.03 
This study 8.61  ± 0.8 3.39 ± 0.1 1.07 ± 0.04 6.16 ± 0.1 0.7 ± 0.08 0.14 ± 0.01 
 




3.3.3 Water-miscible solvent 
Next to water soluble CD systems and NAP/water three-phase systems with air, also a 
water-miscible solvent was applied (DPMGE). The KAM data for the partition of DPMGE for 
DMS and DMS is presented in Figure 17. In contrast to SO and IPM, there is no linear 
relationship between the KAW,0/KAM ratio and xv. The interaction of DMS and DMDS increases 
exponential in function of the volumetric ratio of DPMGE in the mixture. Hydrogen bridges 
can be formed between DPMGE and water causing a network of DPMGE in water at low 
concentrations. This is in contrast with IPM, SO and CD, where it forms an extra phase 
where the interaction of the VOC is independent of water [134]. 
3.4 Conclusions 
The influence of cyclodextrin products (α-, β- and 2-hydroxypropyl-β-CD) on the KAW of 
DMS, DMDS, HEX, 2-MP and 3-MB was evaluated using the DynAb method. The 
hydrophobic cavity in the cyclic sugar molecule interacts with the VOC and moves the air-
solution equilibrium of the VOC towards the solution. Moreover, the KAM with water-
miscible solvent DPMGE and the KA,NAP for silicone oil and isopropylmyristate was measured 
for DMS and DMDS. In this case, three different types of liquid systems were evaluated in 
terms of VOC partition behaviour. 
In the solubility range of α-, β-, 2-HP-β-CD, the KAW was measured and binding constant 
were calculated following the theory of Ondo et al. (2011). The highest binding constant  
(K = 667) was observed for the complex of α-CD and HEX. The complex of DMS and β-CD 
forms the least favourable complex (K = 6). The alignment of the carbon chain of HEX and 
the dimensions of the hydrophobic cavity of α-CD were encouraging the high favourable 
binding. In contrast, DMS is a small molecule with only two methyl groups which can 
interact with the hydrophobic cavity which is also larger than the molecule itself. The 
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binding of VOCs with CDs is very compound specific and an individual evaluation is 
necessary.  
The KAW,0/KA,W+NAP ratio partitioning coefficient ratio for SO or IPM showed a linear trend in 
function of the volumetric ratio SO or IPM with water. The slope represents the interaction 
strength of the NAP with the VOC. IPM showed to have more interaction with DMS and 
DMDS than SO. Using pure NAP, the KNAP,W could be calculated. The latter for DMS and 
DMDS is equal to 8.02 and 45.5 for SO. On the other hand, for IPM, it is equal to 13.8 and 
131.4 for DMS and DMDS. Therefore, the interaction of IPM is 1.7 and 2.9 times better than 
SO for respectively DMS and DMDS. DPMGE interaction with DMS and DMDS was 
exponential in function of the volumetric applied percentage due to the molecular binding 
of DPMGE and water which forms a hydrogen bridge network which favours the VOC 
interaction.  
The application of the DynAb method in combination with SIFT-MS to measure partition 
coefficients resulted in reliable and reproducible quantitative partition coefficients. 
Moreover, it provides a better insight in the behaviour of VOC with different liquids 
compositions. The generated partition coefficients are of great importance in the design 
and modelling of air treatment systems. 
In Chapter 4, the coherence between the obtained partition data and the performance of 
a pilot-scale air scrubber will be evaluated. A pilot-scale scrubber was used to measure mass 
transfer coefficients using a pulse addition response methodology and an advection-
absorption model. However, this model requires reliable numbers of partition coefficients 
(determined in Chapter 2 and 3) to effectively calculate the mass transfer coefficients. The 
application of β-CD additive will be investigated in the air scrubber. Moreover, the observed 
relationship between partition data of Chapter 3 and mass transfer coefficients can be used 
to predict mass transfer enhancement of other addition products or solvents from this 











Chapter 4 Mass transfer in a pilot-scale scrubber 
 
Published in Journal of Chemical Technology and Biotechnology: “Increasing mass transfer of volatile organic compounds in air 
scrubbers: Relation between partition coefficient and mass transfer coefficient in a pilot-scale scrubber” [Bruneel J., Walgraeve 
C., Demeyer P., Van Langenhove H.] 
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Air scrubbers are amongst the most applied air pollution control systems. Air is flowing 
along a packing material that is wetted with a scrubbing liquid. Because of the intense 
contact between the gas phase and the liquid phase, the gaseous pollutants are absorbed 
in the scrubbing liquid. The type and concentration level of the contaminants determines 
the applicability of the scrubbing technology [168]. Examples of industrial cases are 
amongst others: the removal of NH3 and odorants from animal waste production facilities, 
manure treatment installations and livestock buildings [169-171]; removal of sulphur 
compounds in biogas industries and coal-fired power stations [172, 173]; solvent removal 
at chemical production sites [94]; treatment of disinfection gases in pharmaceutical 
industry [174] and engine exhaust scrubbing of container ships [175]. The mass transfer R, 
describing the transfer of the pollutant from the gas phase into the liquid phase is given by 
Equation 4.1 [92]. The relationship between Kga and KAW is shown by Equation 4.2 [176]. 











The term Kga (s-1) is the compound dependent volumetric mass transfer coefficient. The 
mass transfer R is dependent on the gas and liquid phase concentration (Cg and Cl) and KAW. 
Kga is proportional with the mass transfer coefficient Kg (m s-1) and the specific interfacial 
area a (m2 m-3). KAW is the air-to-water partition coefficient and corresponds to the ratio of 
the VOC concentration in the air to the liquid at equilibrium. In pure water solutions, KAW is 
equal to the Henry’s law coefficient. In cases where no pure water is used (e.g. dissolved 
salt, organic matter), the term KAW is applied.  
In addition, mass transfer can be influenced by changing the type of packing material in the 
column (structured or random packed) and the operational conditions (e.g. gas and liquid 
velocity). Various liquid-to-gas ratios (L/G) can be applied, to avoid flooding of the column 
and reaching a maximal mass transfer. Mass transfer can be affected by chemical reactions 
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occurring in the liquid phase. The use of oxidative reagents (e.g. bleach or hydrogen 
peroxide [177]) can lower pollutant concentration in the liquid, thereby maximising the 
driving force (Equation 4.1) [178]. For example, acid scrubbers with sulphuric acid remove 
NH3 efficiently by capturing the absorbed NH3 as ammonium salts [145].  
Lower KAW will increase the driving force from gas to liquid and can be achieved in different 
ways (Equation 4.1). Non-aqueous phase (NAP) systems, using for example silicone oil (SO), 
have been evaluated in order to enhance the mass transfer. By adding an extra water 
immiscible phase, hydrophobic VOCs absorb better in the NAP than in water [92]. 
Cyclodextrin molecules (CD) are another group of additives but relatively unknown in the 
industrial waste gas treatment sector [149]. Bulk production is however realised for the 
production of odour neutralizing sprays containing CD molecules [158]. CDs are cyclic 
polysaccharides which contain a hydrophobic cavity which enables it to make complexes 
with organic compounds. The most commonly used CDs are α-, β- and γ-CD with 
respectively six, seven and eight α-D-glucopyranose units. Due to the binding between CD 
and VOC, the solubility of the VOC increases and thereby decreases the KAW [107].  
Studies, since 2000, related to air scrubbers are focussing on the removal of sulphur dioxide 
[179], carbon dioxide [180], hydrogen sulphide [172], NH3 [145], removal of flue gases in 
viscous solvents like phthalates [181] and VOCs in silicone oil [120]. A limited number of 
compounds are evaluated in these studies. Because of this, the effect of liquid properties, 
type of compounds and environmental conditions (e.g. temperature) on the KAW and 
subsequently on mass transfer is not clear at present. Studying the partitioning of volatile 
organic compounds and their behaviour inside pilot or industrial scale air scrubber systems 
are very scarce in literature. 
Therefore, the aim of this chapter is to determine a relationship between KAW and the Kga 
for a pilot-scale scrubber packed with stainless steel structured Sulzer packing or randomly 
structured Pall rings. The system has a maximum gas and liquid flow capacity of 75 m³ air 
h-1 and 0.4 m³ h-1 respectively. The KAW range was obtained by using different VOCs with 
different properties of scrubbing liquid (pure water and β-CD solution). The Kga for each 
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specific compound and condition will be determined, using an advection-adsorption model 
that was applied on the pilot scrubber.  
The aim was to modify a VOC pulse addition response method (PAR method), adapted from 
Liu et al. (2013) for set of KAW [176]. In the PAR method, small quantities were injected in 
the gas stream entering the pilot scrubber. SIFT-MS (Selected Ion Flow Tube Mass 
Spectrometry) was used for the online measurement of the VOC concentration. Different 
strategies for pulse additions need to be tested to get reliable pulses with reproducible 
concentration pulse areas. 
Using an optimal pulse addition system, the VOC injection pulse was measured both at the 
inlet and outlet of the scrubber. The change in shape between the inlet and outlet pulse, is 
caused by the interaction of the VOCs with the scrubber column. The Kga can be determined 
by model parameter fitting using the experimental pulse data. This model needs accurate 
KAW values which were reported in Chapter 2 and 3. Multiple VOCs (Dimethyl Sulphide 
(DMS), Dimethyl Disulphide (DMDS), Hexanal (HEX), acetone (ACE), toluene (TOL) and 
hexane) were used to obtain Kga that can be related to a broad range of KAW values. 
Furthermore, the liquid composition of the scrubber was altered with a β-CD solution. This 
causes a shift in the KAW and were determined in Chapter 3.  
Based on the Kga-KAW relationship, estimations of the VOC removal efficiency can be made 
with a design tool and makes it possible to get insight in the behaviour of pollutants in 
scrubber systems (pH, temperature effect, salt concentrations, organic matter and addition 
of products). By this means, the suggested new liquid systems (Chapter 3) can be evaluated 
in terms of mass transfer to design scrubbers and calculate scale down of those systems.  
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4.2 Materials and methods 
4.2.1 Pilot-scale scrubber 
The practicability of using additives in air scrubbers was evaluated using fundamental 
partitioning behaviour in a pilot-scale scrubber. The pilot-scale scrubber was constructed 
by Trevi nv (Gentbrugge, Belgium) (Figure 18).  
 
Figure 18 Pilot-scale scrubber with (a) fan, (b) injection port for VOCs, (c and c”) measuring point, 
(d) scrubber column, (e) scrubber tank, (f) liquid distributor, (g) demister, (h) liquid flow 
meter, (i) pressure difference measurement, (j) pH sensor, (k) conductivity sensor, (l) 
redox sensor, (m) liquid circulating pump, (n) membrane valve, (o) baffle (p) water drain 
and (q) anemometer. Green and blue lines representing respectively air and water flows. 
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The air flows upward in the scrubber and is regulated by a fan (Figure 18, a) (Soler & Palau 
Ventilation group, Spain). The frequency of the fan is controlled with a frequency converter 
(not showed) (Schneider, France). The linear air velocity was measured in the ductwork 
(diameter; 52 mm) after the absorption column (diameter 100 mm, 2 m height) by an 
anemometer with fixed vane (Figure 18, q) (Testo, Germany). The latter was calibrated with 
a certified rotameter of a high-volume sampler (Digitel Elektronik AG, Switzerland) in the 
interval between 0.1 and 1 m³ min-1. VOCs were injected in an injection port upstream of 
the fan (Figure 18, b). The measured air velocity in the packed absorption column ranged 
from 0.34 to 1.17 m s-1. The concentration of the VOCs was measured at c (inlet) or c” 
(outlet) (Figure 18). The VOC measuring points were connected with a 5 m Teflon tube (0.5 
mm internal diameter) to SIFT-MS to measure online VOC concentrations. The scrubber 
column (Figure 18, d) was packed (height 1.6 m) with two types of packing material: (i) 
stainless-steel structured packing (Sulzer, Switzerland) with a specific contact surface of 500 
m² m-3 with a folding angle of 30 degrees and (ii) Pall rings (PP, diameter and height 16 mm) 
with specific surface of 340 m² m-3. The void fraction of the structured Sulzer packing and 
Pall rings was respectively 94 and 87 % (constructor information). Water is circulated from 
the scrubber tank (maximum capacity of 0.2 m³, Figure 18, e) with a circulating pump (Iwaki, 
Japan) (Figure 18, m). The liquid flow was adjustable and could be measured with a 
rotameter (Figure 18, h) in the interval between 0.1 and 0.4 m³ h-1. The liquid flow enters 
the scrubber column at the top and a liquid cross distribution plate (Figure 18, f) provides 
homogeneous liquid distribution through the scrubber column. A fixed liquid flow of 0.4 m³ 
h-1 was chosen for all experiments. This results in an L/G (v/v) ranging from 1.1 10-2 to 3.3 
10-2 for structured Sulzer packing and from 1.3 10-2 to 4.5 10-2 for Pall rings. A demister 
(Figure 18, g) avoids water droplets entering in the gas flow tube after the scrubber column. 
The liquid stream was split with a membrane valve (Figure 18, n) to a measuring tube (apart 
from the main stream going to the top of the column). This flow can be controlled by a 
liquid rotameter (Figure 18, h). The pH, conductivity and redox can be measurement at j, k 
and l (Figure 18). The measured liquid returns into the scrubber tank. Further, a vertical 
plate (Figure 18, o) is constructed in the scrubber tank to avoid suspended solids entering 
the circulation pump. The water can also be drained at p (Figure 18). The pressure drop 
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between the top and the bottom was measured with a pressure meter (Figure 18, i) (Dwyer, 
USA). At a gas velocity of 1.1 m s-1 and liquid flow of 0.4 m³ h-1 using a column with 
structured Sulzer packing a pressure drop of 137 Pa m-1 was obtained. The usage of 
randomly structured Pall rings increased the pressure drop to 189 Pa m-1 using the same 
frequency (50 Hz) of the inlet fan. Due to the higher resistance (lower void fraction), a 
smaller gas velocity was obtained in the tower packed with Pall rings (i.e. 1 m s-1). 
4.2.2 Pulse Addition Response method 
4.2.2.1 Injection of VOCs: pulse addition 
VOCs were injected downstream of the fan of the pilot-scale scrubber. The concentration 
pulse was measured at the inlet and outlet of the scrubber using Selected Ion Flow Tube 
Mass Spectrometry (SIFT-MS). Three injection strategies were tested for DMS, DMDS and 
HEX: liquid injection (LI), gaseous injection (GI) and injection via a SPME (Solid Phase Micro 
Extraction) fibre (DI). To obtain reproducible Kga values, the inlet pulse must have 
reproducible peak areas and shape. 
For each LI injection, 2.5 µL pure compound was injected with a 20 µL liquid syringe 
(Hamilton, USA). For the GI and DI strategies, air tight flasks (120 mL) containing 5 mL DMS, 
DMDS or HEX were prepared. This resulted in a saturated headspace and the concentration 
could be calculated from the compound vapour pressure (19 ± 1°C). In the GI strategies, a 
headspace volume of 0.05 mL for DMS, 0.5 mL for DMDS and 1 mL for HEX was injected. 
The Relative Standard Deviation (RSD, n=3) of the pulse areas obtained for both LI and GI 
addition strategies are presented in Table 12. The LI strategy resulted in pulse areas with 
RSDs below 19 % in 95 % of the cases, while for the GI strategy this RSD was lower (13 %). 
These high RSDs, together with severe tailing of the pulses (more than 5 minutes for HEX) 
rendered the methodology unsuitable for pulse response evaluations. A suitable injection 
strategy was proposed using a Carboxen® polydimethylsiloxane (CAR/PDMS) SPME fibre 
(Supelco, USA). The fibre was exposed for 10, 20 and 60 s to a saturated headspace of DMS, 
DMDS and HEX respectively. By this means compounds are sorbed onto the fibre. The 
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exposed fibre was then inserted into the injection port of the scrubber. A 99 % desorption 
of the fibre occurs within one minute and is caused by the large air velocity downstream of 
the fan (Figure 19). 
 
Figure 19 The percentage desorption as a function of the injection time. The latter is the time that 
the SPME fibre (with adsorbed VOCs) is placed in the injection port of the inlet air stream 
of the pilot-scale scrubber. Once injected, the VOCs will desorb into the air stream. 
Simultaneous measurements by SIFT-MS at the outlet measuring port c”, results in a VOC 
concentration pulse. Shortly after the first injection, the same SPME fibre was placed 
again in the injection port for a second injection. Both injections result in an area 
(concentration x time) of the corresponding concentration pulse (A1 and A2). The 
percentage desorption can be calculated by A1/[A1+A2]*100. It is assumed that this 




The DI strategy resulted in nearly symmetrical Gaussian shaped pulses for DMS (tailing 
factor 1.4), DMDS and TOL (tailing factor 1.8). The pulse shape of HEX was characterised by 
a longer tailing (tailing factor 5). From the pulse, at 5% of the pulse height, the left side 
width X and right side width Y is used to calculated the tailing factor ([X+Y]/[2*X]). 
RSDs on the pulse areas were smaller than 7 % in 95 % of the cases (Table 12) and the 
concentration at the pulse top was between 100 ppbv and 500 ppbv. The SPME sorption 
and desorption technique was therefore further applied for all pulse experiments 
performed on the scrubber. Next to DMS, DMDS and HEX, ACE, TOL and hexane were 
injected in the pilot scrubber. The inlet and outlet pulse air concentration of HEX, TOL, DMS 
and DMDS is visualised in Figure 20. 
Table 12 Relative Standard Deviations (RSD) of pulse area of different injection strategies for DMS, 
DMDS and HEX: liquid injection (LI), gaseous injection (GI) and desorption from an SPME 
(Solid Phase Micro Extraction) fibre (DI) 
4.2.2.2 Response measuring of pulses: SIFT-MS 
The compound concentration at the inlet or outlet of the pilot-scale scrubber was 
continuously measured by means of SIFT-MS (Voice 200 by Syft technologies, Interscience 
Louvain-La-Neuve, Belgium) [70]. The following products ions (m/z) were followed-up: 
(CH3)2S+ (62) for DMS, (CH3)2S2+ (94) for DMDS, C6H11O+ (99) for hexanal, C7H8+ (92) for 
toluene, C6H14+ (86) for hexane and NO+.C3H6O (88) for acetone. 
 RSD DMS (%)  RSD DMDS (%)  RSD HEX (%) 
vgas (m s-1) LI GI DI  LI GI DI  LI GI DI 
0.54 7 13 5  8 13 2  3 7 2 
0.74 15 14 4  3 14 2  3 3 4 
0.94 9 12 4  2 7 3  5 5 6 
1.06 35 16 1  7 9 1  3 4 5 
1.17 3 12 1  6 8 2  4 11 4 
            
Average RSD (%) 14 13 3  5 10 2  4 6 4 
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4.2.3 Mass transfer model  
A mass transfer model was applied to calculate the volumetric mass transfer coefficients. 
The VOC concentration in the gas and liquid in the pilot-scale scrubber could be described 
by Equation 4.3. Both differential equations in the gas and liquid phase contain an advection 
transport term (v ∂C ∂z⁄ ) and an interphase mass transfer term (Kga∆C). The gas and liquid 
flows in the z-direction (along column) with a velocity of respectively vgas and vliquid (both 
expressed in m s-1). The mass transfer component depends on the difference between the 
bulk gas concentration and the concentration at the interphase were mass transfer occurs. 
Furthermore, it is proportional with the volumetric mass transfer coefficient along the gas 
side (Kga – s-1). It is assumed that there is an ideal mixing and equilibrium between the gas 













 + Kga (Cgas -  Cliq KAW) 
   (4.3) 
Kga is not only dependent on the air scrubber characteristics (type of packing material) and 
gas and liquid flows, but is also influenced by the KAW. This means that next to temperature, 
also the concentration of water soluble products in the liquid phase and the type of 
compound influences the KAW and thus Kga. 
The SPME based technique was used to inject a VOC pulse in the scrubber system. The 
shape of the inlet and outlet pulse is measured by SIFT-MS. Based on the mass balances 
described in Equation 4.3, the inlet pulse concentration was used to predict the outlet pulse 
concentration of the scrubber. The parameter Kga was found by minimising the root mean 
square error between the predicted outlet pulse concentration and the experimentally 
measured outlet pulse concentration. The liquid and gas side equations (Equation 4.3) were 
differentiated along the z-axis (parallel with scrubber column) with ∆z and ∆t equal to 0.16 
mm and 5.6 ms, respectively, and were optimised with a trial-and-error manner. All 
calculations were performed in Matlab® and a minimum of 30 iterations were calculated. 
The Cgas was provided by SIFT-MS measurements, Cliq was calculated by the differentiation, 
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vgas was measured and vliq was calculated using the applied liquid flow. Following, the only 
unknown parameter is Kga. 
An example of the raw experimental data and the model is visualised in Figure 20 for four 
VOCs having a KAW in the range between 0.0068 to 0.27. Hereby, the differences in 
interaction among the VOCs are visualised. The lower the KAW, the smaller the outlet pulse 
is compared to the inlet pulse. The model quantifies this interaction as the Kga. 
4.2.4 Pulse experiment and conditions 
The performance of the scrubber was evaluated at different β-CD concentrations (0, 12.5 
and 13.3 g L-1) in the scrubbing liquid, using different compound (DMS, DMDS, HEX, ACE, 
TOL and hexane), temperatures (18 or 20°C) and gas flow velocities (0.37 to 1.17 m s-1). All 
experiments were conducted at a fixed liquid flow of 0.4 m³ h-1. Six injections were 
performed for each individual experiment. Three injections were measured at the inlet 
followed by the measurement of three injections at the outlet. Since the measurements at 
the inlet and outlet are not at the same moment, the concentration pulses are independent 
of each other. This results in the calculation of nine Kga values by making different 
combinations. Different VOCs and β-CD concentrations enabled to determination the Kga 
for a broad range of KAW (2.6 10-3 to 4.0 101 (-)).  
The influence of the inlet pulse height on the Kga was also evaluated (Figure 21). A 
relationship between the calculated Kga (for DMDS with constant gas velocity and KAW) and 
SPME fibre exposure time (correlated with the surface under the pulse and the height) was 
investigated. The average RSD (n=8) of the Kga was on average 3 % and was obtained by 
different SPME exposure times (5 to 120 s). Hereby, the pulse shape (height and broadness) 
does not influence the interaction and by consequence does not affect the Kga. 
 
88 
4.2.5 Air-to-water partition coefficients 
The measurement of air-to-water partition coefficients (KAW) is crucial in evaluating the 
removal of VOCs in air pollution abatement systems. The mass transfer of VOCs from gas 
to liquid in air scrubbers is mainly driven by the value of KAW. Kga values are obtained by the 
PAR method and the advection-absorption model. The latter needs KAW values as an input 
parameter (Equation 4.3). KAW data for pure water systems and ammonium sulphate 
containing liquids were obtained for DMS, DMDS and HEX in Chapter 2 [161]. The KAW of 
TOL, ACE and HEX were obtained from literature [122, 182]. The partition coefficients of CD 
systems (α, β and 2-HP-β) were measured using the DynAb method in Chapter 3. 
 
Figure 20 Example of VOC pulse addition response method (PAR method) for toluene, dimethyl 
sulfide, dimethyl disulfide and hexanal with structured Pall packing, a gas velocity of 1 m 
s-1 and liquid flow of 0.4 m³ h-1. The inlet pulse (empty marks) and outlet pulse (filled 
marks) were separately measured with SIFT-MS. The red line represents the absorption 




Figure 21 (A) The pulse area (ppb min) of an injection at the inlet or outlet port measured with 
SIFT-MS. Higher exposure times of the SPME fibre in the saturated headspace of DMDS 
causes increasing pulse area. (B) The calculated Kga with the advection-adsorption 
model with the experimental determined pulse concentrations. It is shown that the Kga 
value remains constant independent of SPME exposure time (and eventually the peak 
height) at the inlet of the pilot-scale scrubber. 
4.3 Results and discussion 
4.3.1 Mass transfer of volatile organic compounds in air scrubber 
The volumetric mass transfer coefficient Kga (Equation 4.3) was determined for different 
compounds (DMS, DMDS, HEX, TOL, ACE and hexane) in a pilot-scale scrubber operated at 
different gas flow velocities and liquid compositions. Next to tap water, a concentration of 
13.3 and 12.5 g L-1 β-CD was applied in the washing liquid of the pilot-scale scrubber packed 
with respectively Pall rings or structured Sulzer packing material. Besides the large observed 
reduction of the KAW for the selected VOCs when using α-CD and 2-hydroxypropyl-β-CD (2-
HP-β-CD) in the water phase (Chapter 3), β-CD was chosen for the pilot experiments for 
economic reasons. The large scale production of β-CD leads to market prices of less than 
four US dollar per kg [167]. The concentration of β-CD was taken near to the solubility range 
of β-CD to maximize the mass transfer effect. Other experiments were performed with tap 
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water at different temperatures between 18 and 20°C (ambient temperature) and pH 7. 
Compounds with different physical chemical properties (i.e. KAW between 2.6 10-3 and 4.0 
101) were used to evaluate the Kga (Figure 22, Table 13).  
 
Figure 22 (A) Volumetric mass transfer coefficient (Kga - s-1) according to Equation 4.3 in function 
of gas velocity (vgas - m s-1) at fixed air-to-water partition coefficient (KAW) of 0.041 (-). (B) 
Kga in function of log(KAW) and vgas. (C) Kga in function of log(KAW) at a gas velocity of 0.93 
± 0.04. Pall rings with a liquid flow of 0.4 m³ h-1 was used in the representing data. The 
height of the column was 1.6 m. A three-dimensional exponential function was plot on 
the scatter data as visualisation: Structured Sulzer packing is Kga = 0.065 exp(0.63*vgas-





Table 13 Volumetric mass transfer coefficient (Kga - s-1) in function of concentration β-CD  
(Cβ-CD), temperature (T), air-to-water partitioning coefficient (KAW), gas velocity 
through column (vgas) at a constant liquid flow of 0.4 m³ h-1. The column height was 
1.6 m. 
Structured Sulzer Packing  Pall rings 
VOC Cβ-CD T KAW vgas Kga  Cβ-CD T KAW vgas Kga 
  g L-1 °C (-) m s-1 s-1  g L-1 °C (-) m s-1 s-1 
DMS 0 18 0.060 0.54 0.39 ± 0.01
0 
 0 18 0.06 0.37 0.20 ± 0.00
7 
DMS 0 18 0.060 0.74 0.47 ± 0.01
6 
 0 18 0.06 0.50 0.20 ± 0.00
6 
DMS 0 18 0.060 0.94 0.54 ± 0.02
3 
 0 18 0.06 0.64 0.21 ± 0.01
5 
DMS 0 18 0.060 1.06 0.54 ± 0.01
2 
 0 18 0.06 0.78 0.21 ± 0.01
2 
DMS 0 18 0.060 1.17 0.58 ± 0.01
2 
 0 18 0.06 0.91 0.22 ± 0.02
6 
DMDS 0 18 0.041 0.56 0.51 ± 0.01
2 
 0 18 0.041 0.37 0.26 ± 0.01
4 
DMDS 0 18 0.041 0.76 0.55 ± 0.02
6 
 0 18 0.041 0.50 0.27 ± 0.01
5 
DMDS 0 18 0.041 0.96 0.65 ± 0.01
1 
 0 18 0.041 0.63 0.28 ± 0.01
4 
DMDS 0 18 0.041 1.07 0.65 ± 0.02
1 
 0 18 0.041 0.77 0.30 ± 0.02
3 
DMDS 0 18 0.041 1.17 0.62 ± 0.02
4 
 0 18 0.041 0.91 0.32 ± 0.02
5 
TOL 0 20 0.27 0.43 0.07 ± 0.01
0 
 0 18 0.27 0.37 0.09 ± 0.00
9 
TOL 0 20 0.27 0.59 0.10 ± 0.00
7 
 0 18 0.27 0.50 0.09 ± 0.00
6 
TOL 0 20 0.27 0.75 0.09 ± 0.02
6 
 0 18 0.27 0.64 0.15 ± 0.01
1 
TOL 0 20 0.27 0.93 0.13 ± 0.04
0 
 0 18 0.27 0.75 0.14 ± 0.00
8 
TOL 0 20 0.27 1.12 0.14 ± 0.06
4 
 0 18 0.27 0.94 0.18 ± 0.03
7 
HEX 0 18 0.006
8 
0.45 0.80 ± 0.01
8 
 0 18 0.006
8 
0.34 0.78 ± 0.04
7 
HEX 0 18 0.006
8 
0.59 0.96 ± 0.01
6 
 0 18 0.006
8 
0.42 0.79 ± 0.02
8 
HEX 0 18 0.006
8 
0.77 0.99 ± 0.07
2 
 0 18 0.006
8 
0.50 0.79 ± 0.01
7 
HEX 0 18 0.006
8 
0.94 0.92 ± 0.08
2 
 0 18 0.006
8 
0.74 0.91 ± 0.03
2 
HEX 0 18 0.006
8 
1.14 1.07 ± 0.19
9 
 0 18 0.006
8 
0.86 0.98 ± 0.03
3 
DMS 12.5 18 0.060 0.19 0.23 ± 0.01
1 
 13.3 18 0.055 0.37 0.21 ± 0.00
5 
DMS 12.5 18 0.060 0.43 0.34 ± 0.01
3 
 13.3 18 0.055 0.51 0.23 ± 0.00
6 
DMS 12.5 18 0.060 0.72 0.56 ± 0.02
3 
 13.3 18 0.055 0.66 0.26 ± 0.00
7 
DMS 12.5 18 0.060 0.86 0.56 ± 0.01
4 
 13.3 18 0.055 0.80 0.27 ± 0.02
0 
DMS 12.5 18 0.060 1.02 0.56 ± 0.01
7 
 13.3 18 0.055 0.94 0.28 ± 0.03
3 
DMDS 12.5 18 0.021 0.23 0.42 ± 0.02
3 
 13.3 18 0.018 0.37 0.47 ± 0.01
4 
DMDS 12.5 18 0.021 0.54 0.72 ± 0.03
3 
 13.3 18 0.018 0.51 0.51 ± 0.01
6 
DMDS 12.5 18 0.021 0.75 0.88 ± 0.02
0 
 13.3 18 0.018 0.66 0.55 ± 0.03
7 
DMDS 12.5 18 0.021 0.93 0.85 ± 0.01
6 
 13.3 18 0.018 0.82 0.57 ± 0.03
3 
DMDS 12.5 18 0.021 1.06 0.87 ± 0.02
1 
 13.3 18 0.018 0.99 0.58 ± 0.02
8 
HEX 12.5 18 0.002
8 
0.91 2.28 ± 0.11
9 
 13.3 18 0.002
6 
0.66 1.55 ± 0.00
1 
HEX 12.5 18 0.002
8 
1.04 2.27 ± 0.21
1 
 13.3 18 0.002
6 
0.80 1.52 ± 0.00
1 
HEX         13.3 18 0.002
6 




4.3.1.1 KAW-Kga-vgas correlation 
The average calculated RSD on the determined Kga for all measured conditions (n=65) was 
7 %. In 90 % of the values, the RSD was lower than 12 % (Table 13). This shows the high 
reproducibility of the used PAR methodology. A clear relationship was observed between 
the Kga, KAW and vgas (Figure 22). The following empirical correlation functions were obtained 
based on the data in Table 13 (Equation 4.4) and are visualised in Figure 22. 
 
Structured Sulzer packing: 
Kga = 0.065 e
(0.63 vgas - 1.11 log[KAW]) (R² = 0.91) 
Randomised Pall packing: 
Kga = 0.038 e
(0.35 vgas - 1.33 log[KAW]) (R² = 0.99) 
   (4.4) 
The lower the KAW, the higher Kga. For example, the Kga for DMS using tap water at a gas 
velocity of 0.9 m s-1 is 0.22 s-1, corresponding with a KAW equal to 0.060. With a lower KAW 
of 0.0068 (e.g. changing the model compound from DMS to HEX), the Kga increases to 0.98 
s-1, which is approximately 4 times higher. This shows that the KAW has an important effect 
on the mass transfer of VOCs.  
The observed Kga ranged from 0 to 2.27 s-1 for respectively hexane (not showed in Table 13, 
KAW = 40) and HEX using a β-CD concentration of 12.5 g L-1 (KAW=0.0028) at a vgas of 1.04 m 
s-1 using structured Sulzer packing. The Kga could not be calculated for ACE since the 
absorption of ACE was too high to have a detectable outlet pulse. Kga increases with 
increasing vgas (decreasing L/G ratio) and decreasing KAW (Figure 22, Table 13). As the applied 
range of vgas is not high, less change can be seen in comparison with the broad KAW range. 
The partitioning behaviour of a VOC between gas and liquid and thus the KAW is influenced 
by the temperature, the type of compound and the concentration of the additive (β-CD) or 
salts in the solution. This implies that a combination of different factors can result in the 
same KAW. Equal KAW values will result in the same Kga, following the KAW-Kga relation. On 
the other hand, knowing the KAW is then essential to estimate the mass transfer (Kga) for 
e.g. temperature change using the determined KAW-Kga relation (and using similar L/G ratios 
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and packing material used in this study). This effect will be illustrated in a design tool (see 
4.3.3). 
4.3.1.2 Influence of the packing material 
The empirical correlation function (Equation 4.4) shows the difference between the 
structured Sulzer packing and the randomised Pall rings. The difference in Kga for 
compounds with log(KAW) equal to -3 results in a 5% higher Kga for the Sulzer packing. This 
difference increases to 45% when evaluating compounds with higher KAW (e.g. log(KAW) 
 = -0.5).  
4.3.1.3 Influence of β-CD solution 
The binding of the VOC with β-CD decreases the KAW between air and the β-CD solutions. 
This binding is quantified by the binding constant (K). The higher the binding constant, the 
lower concentrations of CD needed to lower the KAW (Chapter 3). In case the K between the 
guest molecule (e.g. DMS) and β-CD is low (K = 6), no significant decrease is observed in 
KAW. Consequentially, also the Kga does not change significantly for all tested gas velocities 
(Table 13). On the other hand, the KAW of DMDS decreased with 50 % by using 12.5 g L-1 β-
CD (from 0.041 to 0.021). By this means, the Kga increased significantly from 0.62 to 0.87 
(s-1) at a gas velocity of 1.1 ± 0.08 m s-1, using structured Sulzer packing. The binding 
constant of DMDS with β-CD is high (K = 108, Table 10) when compared to DMS. The same 
trend is visible for a lower gas velocities and for Pall rings packing. Also, HEX shows a similar 
enhancement of the Kga as DMDS due to its high binding constant with β-CD (K = 168). The 
increase of Kga with decreasing KAW is not linear and depends on the actual value of KAW and 
vgas. Therefore, the effect of additives is very compound specific and stresses the necessity 
to determine fundamental partitioning data. This experimental procedure shows that the 
mass transfer of VOCs can be altered by changing the liquid compositions.  
4.3.1.4 Influence of gas velocity 
At fixed additive concentration, compound and temperature, the Kga is increased by 22 % 
when increasing the air velocity 2.5 times from 0.36 ± 0.01 to 0.92 ± 0.04 m s-1, using Pall 
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rings. Moreover, using structured Sulzer packing and changing the air velocity from 0.50 ± 
0.06 to 1.11 ± 0.06, increases Kga with 24 % (Table 13). The Kga increase in function of the 
air velocity was linear in the used range (limited by the ventilator power) (Figure 22). 
Comparison with literature is difficult due to the different packing materials, gas flows and 
liquid flows which are used. Kga values of countercurrent packed columns usually range 
between 8 10-3 s-1 (a = 10 m² m-3) and 1.8 101 s-1 (a = 350 m² m-3) [178]. Comparing Kga 
values in this study against these of Liu et al. (2013) shows that the values determined in 
this study differ less than one order of magnitude from biofilter systems [176]. 
4.3.2 Model validation with constant VOC stream 
Kga obtained by using the PAR method can also be used to estimate the removal efficiency 
in the pilot-scale scrubber based on Equation 4.3. To validate the calculations, an 
experiment was conducted whereby an airflow with constant DMS concentration was 
introduced into the column. A stream of 92 ± 4 ppbv was introduced in the column (gas 
flow of 1.15 m s-1 and a liquid flow of 0.4 m³ h-1) and resulted in an outlet concentration of 
76 ± 3 ppbv (observed by SIFT-MS). The removal efficiency was 17 %, and is in perfect 
agreement with the estimated value of 17 % calculated using Equation 4.3 and the 
experimentally determined parameters (KAW of 0.060 in pure water at 18°C, Kga equal to 
0.58 s-1; Table 13). A similar result was obtained at a gas velocity of 0.46 m s-1 (Kga of 0.47 s-
1). At these conditions, the theoretical removal efficiency (42 %) was close to the 
experimentally determined removal efficiency of 38 %. This shows that the Kga determined 
by the PAR method can be used to evaluate the removal efficiency of VOC in scrubber 
systems.  
4.3.3 Design tool for various practical parameters 
The correlations between Kga, KAW and vgas (Figure 22, Equation 4.4) can be used to predict 
mass transfer of VOCs in case other chemical properties of the scrubber liquid (relating to 
KAW) or scrubber settings (like vgas) change. Next to the influence of the temperature and 
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the additive concentration, also the pH and salt concentration can play an important role 
in the mass transfer. Hereby, the Kga-KAW relationship can be used to get insight in the 
pollutant behaviour. If the KAW change is known for a set of conditions of the scrubbing 
liquid, then the Kga change can be predicted. 
4.3.3.1 pH influence 
For example, the mass transfer of hydrogen sulphide (H2S, pKa = 7.04 at 25°C) is highly pH 
dependent [135]. In acidic medium (pH less than 6) the KAW of H2S is 0.29 (-) [135] and the 
behaviour in the scrubber would be similar to TOL (KAW = 0.27 at 20°C, Table 13, Pall rings). 
Increasing the pH to 7, decreases the KAW to 0.14 and from pH 8 the KAW decreases one log 
unit by increasing one pH unit [135]. The behaviour of H2S at pH 8 is like DMDS (12.5 g L-1 
β-CD at 18°C, Table 13, Pall rings) since the KAW of H2S at pH 8 (KAW = 0.025, [135]) is close 
to 0.021 of DMDS under these conditions (Chapter 3). At a pH 9 (KAW = 0.0028, [135]), the 
behaviour of H2S changes to the one of HEX (12.5 g L-1 β-CD, 18°C, KAW = 0.0028 (Chapter 
3), Table 13, Sulzer packing). Herewith, the Kga of H2S increases 18 times by changing the 
pH from 6 to 9.  
4.3.3.2 Salt concentration 
The salt concentration of scrubber liquid is also an important factor influencing the mass 
transfer. In livestock applications, the absorption of NH3 in sulphuric acid solutions 
increases the ammonium sulphate concentration to levels of more than 20 % (m/v) [145]. 
The larger the salting out coefficient, the more the KAW will increase with increasing salt 
concentration. Water molecules interact more with ions when compared to VOCs. The 
solubility of the VOC in salty solutions decreases and the KAW increases [161]. The KAW of 
DMS increases from 0.086 to 0.72 (25°C) when the ammonium sulphate concentration 
increases from 0 to 30 % (m/v) (Chapter 2) [161]. This implicates that the Kga will decrease 
from 0.22 to less than 0.19 s-1 (vgas = 1 m s-1, Pall rings). In comparison with HEX, where the 
KAW increases from 0.014 to 0.14 (25°C), the Kga will decrease significantly from 0.67 to 0.19 
s-1 (vgas = 1 m s-1, Pall rings) or from 0.46 to 0.09 (vgas = 0.2 m s-1, Pall rings), indicating again 
that changes of Kga depends on the KAW level and vgas. 
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4.3.3.3 Influence of other liquid systems 
With the design tool, the effect of other CD additives, water miscible and immiscible liquids 
can be estimated by knowing the partitioning data (Chapter 3). Using a column with height 
1.6 m (Figure 18), liquid flow of 0.4 m³ h-1, gas velocity of 1 m s-1, Pall rings as packing 
material, the design tool for estimating Kga values is illustrated in Figure 23 for six possible 
liquid systems with DMS and DMDS.  
The Kga of DMS can be increased from 0.19 to 0.45 s-1 by changing the 2-HP-β-CD 
concentration from 0 to 280 g L-1. This corresponds with an increase of the removal 
efficiency from 12 to 31 %. This increase can be reached with only 80 g L-1 α-CD due to the 
higher binding constant of the latter. The use of β-CD did not improve the Kga due to the 
low binding constant (Chapter 3). However, the binding constant of DMDS is significantly 
higher than DMS for all tested CDs. This can be seen in Figure 23, where the Kga increases 
faster in function of the CD concentration. A removal efficiency (RE) of DMDS higher than 
75% can already be reached with respectively 53 and 120 g L-1 α-CD and 2-HP-β-CD. This is 
not possible for β-CD.  
It can be concluded that the use of β-CD is not suitable to improve the mass transfer of 
DMS and DMDS, but α-CD and 2-HP-β-CD do have potential. Next to α-, β-, γ-, 2-HP-β-CD, 
more than 100 other CD exist, each with specific properties. CDs can be designed for every 
compound to reach the highest possible binding constant [183]. CDs can be developed 
which have maximal interaction with specific VOCs, offering new possibilities for their 
application in the air pollution abatement technologies like air scrubbers.  
If more viscous liquids would have the same behaviour in the pilot-scale scrubber, the effect 
of a certain volumetric ratio xv of silicone oil (SO), isopropylmyristate (IPM) and dipropylene 
glycol methyl ether (DPMGE) can be evaluated. A more than 75% reduction can be achieved 
for DMDS by using 25% SO, 10% IPM and 50% DPMGE. The 75% RE for DMS can only be 
achieved with 90% DPMGE. For 100% IPM and 100% SO, the obtained RE for DMS would 
be 70% and 45%respectively. In the latter case, the design of the air scrubber should be 





Figure 23 Simulated Kga values for DMS and DMDS with empirical relationship (Equation 4.4) for a 
pilot-scale scrubber packed with Pall rings, operating at vgas = 1 m s-1 and liquid flow of 
0.4 m³ h-1, in function of concentration CDs (g L-1) or volumetric ratio (xv, -) for other 
liquids. The Kga values are obtained with the partitioning data from chapter 3 for α-CD, 
β-CD, 2-HP-β-CD, silicone oil (SO), isopropylmyristate (IPM) and dipropylene glycol methyl 
ether (DPMGE). The red area represents the region where extrapolation is applied. The 
removal efficiency (RE) is calculated using the advection-absorption model. 
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Compound specific estimations can be made for the mass transfer (Kga) using physical-
chemical parameters (KAW), scrubber parameters (vgas) and characteristics (type of packing 
material). The feasibility of other additives can be addressed with the design tool. 
4.4 Conclusions 
The developed PAR method was applied for the first time on a pilot-scale scrubber and 
enables to determine Kga mass transfer coefficients using an advection-absorption model. 
VOC pulses were introduced with a SPME fibre at the inlet of the scrubber filled with 
structured Sulzer packing or Pall rings. The inlet pulse was compared with the outlet 
response pulse and the Kga was computed using the model. This procedure was done for 
multiple compounds with the use of tap water and β-CD solutions. For each VOC, 
temperature and specified liquid properties, one KAW value was determined and used for 
the determination of Kga. β-CD solutions were applied for the first time in an air scrubber. 
It was shown that the mass transfer could be increased by altering the scrubber liquid 
composition by enhancing the partition behaviour of the VOC between air and water 
towards the water phase. A clear relationship between KAW, gas velocity and Kga was 
obtained. This relationship can be used to estimate the effects on the performance of the 
scrubber caused by other parameters (pH, salt concentration, additive concentration, 
temperature) influencing the KAW and thus on Kga. KAW values determined in Chapter 3, were 
used to simulate mass transfer effect of different liquid systems to get more insight in 
scrubber performance. Applying additives in the scrubbing liquid can lead into smaller 

























Chapter 5 Biofiltration of hexane, acetone and 
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Biofiltration is a cost-effective sustainable solution to treat Volatile Organic Compounds 
(VOCs) present in the waste gas from industry and waste processing facilities [168, 184]. In 
comparison to chemical-physical techniques like adsorption and oxidation, biofiltration is 
more thermodynamically efficient [185]. A consortium of microorganism grows onto an 
organic supporting material and consumes the pollutants as carbon source for growth and 
maintenance [168, 184]. The mass transfer of hydrophilic compounds is efficient due to the 
low Henry’s law coefficient (H), while hydrophobic compounds (high H) have a limited mass 
transfer due to the resistance of the water layer surrounding the biofilm [62]. Over the last 
two decades, research was focussed on increasing the mass transfer of hydrophobic 
compounds. Microorganisms are able to produce biosurfactants which can increase the 
solubility of VOCs in the water layer and thus improve the mass transfer to the biofilm [186, 
187]. However, in most cases adaptations to the biofilter set-up or combined multistage 
systems are necessary to efficiently remove hydrophobic compounds. Pre-treatment 
oxidation of VOCs (i), the application of fungi (ii), the addition of surfactants (iii) and the 
addition of hydrophilic compounds have been investigated (iv) [62].  
(i) Pre-treatment with O3, UV or photo-oxidation systems, have been tested to convert the 
VOCs to more soluble and easily biodegradable compounds with lower H [188-190]. 
However, the excess of O3 can influence the performance of the biofilter and more harmful 
by-products might be formed. Moreover, not every compound is easily oxidizable and high 
operational costs are required [62]. (ii) Changing the biofilter itself is an alternative. The use 
of fungi instead of bacteria enhances the performance of biofilters towards hydrophobic 
compounds [191-194]. The growth of fungi can be stimulated by using an acid pH or by 
using a proper inoculum [195]. Mycelial fungal growth can be stimulated to produce hyphae 
containing hydrophobic protein molecules which increases the uptake of hydrophobic VOCs 
[196]. Additionally, they are more resistant to pH and reduced water content [56]. On 
contrary, excessive mycelial growth can lead to increased pressure drop [62]. (iii) The use 
of excessive concentrations hydrophilic VOCs can also enhance the removal of hydrophobic 
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compounds. It was shown by Zehraoui and co-workers (2012) that the addition of methanol 
to a hexane gas stream improved the removal of hexane [73, 197]. A similar effect was 
observed by Zhang et al. (2006) where methanol increased the removal of dimethyl 
sulphide (DMS) in a biofilter [198]. However, the appearance of a specific ratio hydrophilic 
to hydrophobic VOC concentration is not convenient in practice.  
The use of liquid or solid addition products can also be beneficial for the mass transfer of 
hydrophobic compounds. Periodically addition of surfactants in a water solution can reduce 
surface and interfacial tensions by altering the molecular forces at the liquid-gas or liquid-
liquid phase [62]. The addition of surfactants to biofilters has already observed by several 
authors and proved that it could enhance the mass transfer and degradation of 
hydrophobic compounds [186, 187, 199-201]. Studies using silicone oil are predominantly 
related to two phase partitioning bioreactors and not in biofilters [202-205]. Few studies 
report the addition of a non-aqueous phase like silicone oil on biofilter packing material 
(perlite) improved the mass transfer of hydrophobic compounds [206-208]. The addition of 
water soluble beta-cyclodextrin to a biofilter by Sowka et al. (2016) did not increase the 
removal of toluene [209]. Making blends of conventional packing materials with 
hydrophobic solid products is limited in literature. The use of a biofilter packed with 
activated carbon and compost did enhance the removal efficiency of indoor air pollutants 
with hydrophobic character when compared to a conventional biofilter packed with only 
compost [210]. 
The aim of this chapter is the investigation of the removal of a mixture of hydrophilic and 
hydrophobic compounds using a packing material consisting of wood dowels, compost and 
silicone foam. The latter is to the best of our knowledge not used in literature and can serve 
as a new model packing material. The main goal is to get insight in the applicability of using 
solid hydrophobic packing materials in conventional biofilters. DMS, acetone (ACE) and 
hexane were chosen as model VOC compounds. The goal was to evaluate the performance 
of the biofilter with Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) during 180 days 
with varying inlet load and operational conditions. The partitioning behaviour of the model 
VOCs with the individual packing materials will be quantified by the determination of 
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packing-to-air partitioning coefficients by using a SIFT-MS based breakthrough approach. 
The consortium of microorganisms present on the three packing materials will be 
determined by 16S rRNA gene amplification.  
5.2 Materials and methods 
5.2.1 Target VOCs 
Three compounds were selected on the basis of their different physical-chemical properties 
(Table 14). DMS is emitted by agricultural operations and food industries play a role in DMS 
emissions [211]. Hexane and ACE are emitted by industrial and domestic solvent use, road 
transportation, and fuel combustion [212]. 
Table 14 Physical chemical properties of ACE, DMS and hexane 
Parameters Unit  ACE DMS Hexane 
Functional group -  Ketone Thioether Alkane 
Molecular weight g mol-1  58.08 62.13 84.17 
Odor threshold [146] ppmv  42 0.003 1.5 
Boiling point [213] °C  56 37 69 
Vapor pressure [213] mmHg 20°C 180 502 120 
Solubility in H2O [213] g L1 25°C 100 22 0.01 
Henry’s law coefficient 
[213] 
- 25°C 0.0014 0.065 74 
5.2.2 Set-up 
The biofilter was built using six identical cylindrical modules of Plexiglas (Figure 24). The 
total height of the biofilter column was 1.2 m and the internal diameter was 0.1 m. The 
column was filled with 1 m packing material (Figure 24, h), representing an empty bed 
volume of 7.85 L. At the bottom of the column, a layer of 0.2 m Pall rings were inserted to 
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homogenise the incoming gas stream (Figure 24, g). A polluted air flow stream was 
generated using a home-made system (Q3). Therefore, three steel vessels containing 
respectively liquid of 99.9% pure DMS, hexane and ACE were used (Merck, Germany) 
(Figure 24, d).  
 
Figure 24 Experimental set-up of the biofilter with (a) pressure regulator with air, (b) pressure 
regulator with N2, (c) mass flow controller, (d) stainless-steel bottle with pure VOC liquid, 
(e) valve, (f) humification bottle, (g) gas homogenisation, (h) biofilter packing section, (i) 
sample valve, (j) valve and (k) rotameter. 
The air streams were controlled by mass flow controllers (MFC, Brooks instruments, USA). 
Two air flows were used: (i) Q1 (5.7 L min-1, MFC1) which was the main stream and (ii) Q2 
(2.5 L min-1, MFC2) which was used in the VOC generation system. Stream Q2 was split into 
two streams by regulatory valve (Figure 24, e). The inlet flow of the vessel is restricted by 
capillaries connected to the inlet and outlet of the vessel. The length and internal diameter 
of the capillaries were chosen to obtain an appropriate concentration level. Stream Q2 was 
blended with Q1 (non-polluted air stream) to form Q3 with a total flow of 8.2 L min-1. The 
resulted Empty Bed Residence Time (EBRT) was equal to 57 s. Q3 was humidified (i.e. more 
than 90 %) to avoid dehydration of the biofilter. 
The biofilter has five identical sections and six measuring ports were installed (inlet (P1), 
outlet (P6) and four intermediate ports (P2 to P5)). When one of the valves at the measuring 
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port (P1 to P6) is opened, a small flow Q4 was generated due to the pressure inside the 
biofilter. Q4 was controlled with a valve upstream and measured using a calibrated 
rotameter. This known flow Q4 was further diluted with a nitrogen stream Q5 controlled by 
MFC3 connected to a nitrogen pressure regulator. The Q4+Q5 diluted stream was analysed 
with a SIFT-MS device and CO2 probe (Vaisala, Finland). The leachate collection port was 
installed at the bottom of the biofilter column. 
5.2.3 Material analysis of the packing material 
A combination of three types of packing material was used: (i) compost (C - potting soil), (ii) 
woodchips (W - cylindrical with length 15 mm and diameter 5.5 mm) and (iii) silicone foam 
parts (SF - sponge cord®, The Netherlands). The latter consists of shells (1 cm) from a 
Silicone sponge cord tube (2 cm diameter) and sliced in half. The three types of packing 
material were mixed together in an equal volumetric ratio (1:1:1). The apparent density (ρA) 
of the three packing materials was determined by measuring the packing weight (mP) in a 
known empty bed volume (VB) (Equation 5.1). The moisture content (MC) of the packing 
material in lab conditions (20°C and 60% RH) was calculated using Equation 5.2. Herewith, 
the mass of the dry packing material (mDP) was measured after drying in an oven at 358 K 
for 72 h. The water holding capacity (WHC) is an important factor in biofiltration as water 
is essential for microbial growth (Equation 5.3). The amount of water sorbed on and into 
the dried packing material is noted as mWP. The porosity is also an important parameter in 
biofilter operation, as it influences the pressure drop over the biofilter. High pressure drops 
can lead to higher operational costs. The porosity (θ) of the mixed packing materials was 
calculated based on an online method using SIFT-MS. It was calculated as the ratio of the 
net residence time (NRT) and EBRT of air in respectively a packed and empty column 
(Equation 5.4). In this setup, 15 mL of air containing methane (± 35000 ppmv) was injected 
in threefold at an injection port located at the inlet stream before entering the biofilter. 
Three injections were measured at the inlet port (P1) and subsequently three injections 
were measured at the outlet port (P6). The NRT was calculated by the time difference 
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between the top of the peak measured at the inlet and the outlet (Figure 25a). Next to CH4, 
also hexane was injected (1 mL of saturated headspace) into the injection port (Figure 25b). 
 
Figure 25 (A) Porosity measurement with peak injections of CH4 at the inlet (P1) and outlet (P6) of 
the biofilter. The time difference between the top peaks is equal to the Net Residence 
Time (NRT) of the CH4 gas in the biofilter packing. (B) Pulse injection with hexane. 
 




 MC = 
mP-mDP
mP
 100 (5.2) 
 WHC = 
mWP-mDP
mDP
 100 (5.3) 
 θ = 
NRT
EBRT
 100 (5.4) 
5.2.4 Biofilter conditions 
During the long-term operation of more than 180 days at room temperature (i.e. 18 ± 2°C), 
the pH of the leachate was investigated after pouring nutrients and deionised water on top 
 
108 
of the biofilter. To enhance the performance and lifetime of the biofilter, nutrients were 
added on top of the biofilter based on a C:N:P: ratio of 100:5:1 (pH = 5.5). A 200 mL of 
nutrients and 200 mL of water was added weekly. The chemical composition of the 
nutrients is listed in Table 15. Furthermore, a manometer was used to measure pressure 
drop across the column (i.e. 137 Pa m-1). The use of high inlet concentration in combination 
with accumulation of biomass onto the packing material in combination with high flow 
rates, can lead to extremely high pressure drops of more than 2000 Pa m-1 [214].  







Vitamins: A, B1, B2 B3, 
B5, B6, B8, B9, D3 
1.4 
MgSO4 0.5 
Ca, Fe, Zn, Co, Mn, Mo, 
Ni, B 
0.1 
5.2.5 Analytical instruments 
5.2.5.1 SIFT-MS 
The performance of the biofilter was followed-up using SIFT-MS during the entire 
measuring campaign (180 days). The product ions (m/z) in this study were: CH2S+ (46) for 
DMS, C6H13+ (85) for hexane and C3H6O+ (58) for acetone. SIFT-MS makes it possible to 
quickly follow-up the behaviour of the biofilter. Daily biofilter measurements are performed 
by switching the measuring ports.  
5.2.5.2 Ion chromatography 
The collected leachate from the biofilter was analysed with ion chromatography (IC). A 
cationic column (Dionex IonPack AS14A-5µm) and ion suppressor unit (AMMS III 2-mm, 
Dionex) was used. The eluent contains 8 mM Na2CO3/1mM NaHCO3 and the ion suppressor 
liquid is made of 50 mN H2SO4. Next to phosphate (PO43-) and nitrate (NO3-) which are 
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present in the nutrient solution, also chloride (Cl-), naturally present in tap water and 
sulphate (SO42-) were quantified. The latter is known as a degradation product of DMS [215].  
5.2.6 Partition coefficient between packing material and air 
Determining partitioning coefficients between packing material and air (KPacking,air) provides 
insight in the pollutant behaviour inside the biofilter. A new and fast online method to 
calculate KPacking,air was developed by Walgraeve et al. (2015) [216]. The same methodology 
was used to determine KPacking,air of ACE, hexane and DMS for the three individual packing 
materials (C, SF, W). Briefly, a VOC stream polluted with ACE, hexane and DMS was 
generated in a similar way as showed in Figure 24. The polluted VOC stream of 2 L min-1 was 
split into a small stream of 87 mL min-1 (QP,VOC) and a waste stream. In parallel, a nitrogen 
stream of 87 mL min-1 (QP,0) was used. Streams QP,0 and QP,VOC are connected to a four-way 
valve. The QP,0 flows initially through a column containing the packing material. At a fixed 
time, the four-way valve is turned and the pollutant stream QP,VOC flows through the 
column. From this point, the VOCs start to sorb on/in the respective packing material. A 
typical breakthrough curve is obtained and the area above the breakthrough curve is 
proportional to the VOC mass sorbed in/on the packing material. This methodology is 
similar as the one described in Chapter 2. 
5.2.7 Metagenomics 
To get insight in the microbial population, MiSec 16s rRNA gene amplicon sequencing 
analysis (further noted as metagenomics) was applied on the different packing materials of 
the biofilter. The biofilter was initially not inoculated with specific strains, but species 
available on the compost forms the initial consortium. It was shown before that specific 
microbial species are enriched as they are exposed to the compounds present in the waste 
gas stream [217]. Subsamples of each individual packing material were taken (n=3) at the 
inlet (P1) and top (P6) of the biofilter after 180 days of operation. Before used in biofilter, 
compost (n=1) was also analysed, thus in total 19 samples were investigated. Illumina 
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sequencing was used to obtain an approximate composition and/or distribution of a 
community in the form of Operational Taxonomic Units (OTUs). Briefly, DNA extraction was 
performed using a FastPrep® kit followed by amplification of the 16S rRNA genes with PCR, 
using primers constructed by Klindworth et al. (2013) [218]. Purified amplicon pool DNA 
was used to construct Illumina libraries by means of adaptor ligation using the Ovation 
Rapic DR Multiplex System (NuGEN). Illumina libraries were pooled and size selected by 
preparative gel electrophoresis. Sequencing was done on an Illuma MiSec using v3 
chemistry. The sequence assembly and clean-up is largely derived from a method described 
by the Schloss lab [219, 220]. Post processing of the data is quantified in the relative 
abundance of a single strain. 
5.3 Results and discussion 
5.3.1 Packing characteristics 
5.3.1.1 ρA, MC and WHC 
Silicone foam was used as hydrophobic material together with compost and wood dowels. 
The hydrophobic character of the silicone foam is reflected by the respectively 5 and 10 
times lower MC and WHC in comparison with compost (Table 16). The WHC of silicone foam 
is also 6 times lower than the one of woodchips. Silicone foam is also a lightweight material 
with a low ρA compared to compost and woodchips. 
Table 16 Experimentally determined properties of the packing materials individually and mixed 
Property  Unit Packing material 
  Compost Wood dowels Silicone foam 
MC  w/w % 79 23 16 
WHC  w/w % 49 31 5 
ρA gmL-1 0.28 0.33 0.13 
Mixed Porosity (n=3) % 37±1.3 
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5.3.1.2 Partition coefficients of the pollutants between air and packing material 
The transfer of the pollutants from air phase to liquid and or solid phase is an important for 
the removal of VOCs. Partition coefficients quantify the ratio of the VOC concentrations 
between two phases at equilibrium and gives insight into VOC affinity for the materials. 
Mohseni et al. (2000) stated that is incorrect to use Henry’s law coefficients (H) for 
hydrophobic pollutant affinity evaluation in biofilters as the mass transfer is highly 
dependent on the organic content of the packing material. This is in contrast with 
hydrophilic compounds of which the mass transfer is mainly driven by the H due to the high 
affinity for water on the packing material [221]. Next to absorption in the liquid layer on the 
packing material, also transport to the packing material is one of the processes that 
dominates biofilter performance [222]. Therefore, KPacking,air were determined to get insight 
in the affinity of the select VOCs with the three packing materials (Figure 26).  
 
Figure 26 The dimensionless packing-to-air partitioning coefficient (KPacking,air) (n=3) in function of 
ACE, DMS and hexane for three types of packing material (silicone foam, compost and 
wood dowels). 
The KPacking,air for hexane was equal to 21.4 using silicone foam. This value is respectively 20 
and 120 times higher comparing to the KPacking,air for compost and wood dowels, 
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respectively. The KPacking,air for ACE is 4 and 2 times lower for compost and wood in 
comparison with silicone foam. While for DMS, the KPacking,air for silicone foam (i.e. 13) was 
the smallest of the three compounds. However, it was also 3 and 1.8 times higher than 
compost and wood. A higher KPacking,air results in a better absorption of the target VOCs in 
the packing material, meaning a higher availability for the micro-organisms. This KPacking,air 
data shows that the hexane affinity towards the packing can be improved by adding silicone 
foam to the packing material. ACE and DMS have also higher affinity with silicone foam 
when compared to wood dowels and compost. For both hydrophilic compounds (ACE, 
DMS) and hydrophobic (hexane) compounds, the use of silicone foam is beneficial for VOC 
mass transport to the packing material. Therefore, a mix of the three packing materials was 
applied in a 1:1:1 volumetric ratio to maintain stability and avoid compression (wood 
dowels), provide enough microorganisms and intrinsic nutrients (compost) and provide a 
hydrophobic phase to enhance mass transfer of the target compounds (silicone foam). 
5.3.1.3 Porosity 
Volckaert et al. (2016) used an approach to measure the porosity measurement with SIFT-
MS using peak injections of compounds with different chemical-physical properties. The 
lower the H of the compound, the more interaction of the VOC with the moist packing 
material. For hexane, it was shown that the ratio of the NRT and the EBRT was independent 
of the EBRT, implying that there was limited interaction of hexane with the packing material 
[223]. However, in this study, the use of hexane was not suitable to measure the porosity. 
As the interaction of hexane with the biofilter medium is strong (see 5.3.1.2.), the injected 
hexane pulse at the inlet resulted in a very broad outlet pulse (Figure 25). The calculated 
NRT was more than 100 s and EBRT (57 s). This suggests that there is a significant interaction 
of hexane with the packing material. As a consequence, hexane is not suitable to be used 
as a VOC to measure the online porosity of the biofilter with silicone foam. Therefore, 
methane was used as an inert permanent gas. The NRT of methane in the biofilter was 21 
s, resulting in a porosity of 37±1.3% (Figure 25). Experiments with noble gases (He, Ar, Xe) 
would increase the inertness of the compound towards the packing material. 
Unfortunately, online monitoring was not possible with SIFT-MS due to low sensitivity. 
 
 113 
5.3.2 Performance of the biofilter 
5.3.2.1 Start-up period 
The biofilter start-up was done by connecting the VOC stream to the biofilter. No 
inoculation was performed as the inherent microbial community and nutrients present on 
the compost act as start culture. The evolution of the removal efficiency (RE) in function of 
the EBRT at different biofilter sections in function of the operational time (in the start-up 
phase) is illustrated in Figure 27. After 2 days, the RE of ACE was 18% while it was negligible 
for DMS and hexane. At day 6, ACE was already degraded for 90% at P4 (EBRT = 34 s). Two 
days later, the RE reached 99.9% at P4. At day 15, ACE was completely removed at P2 (EBRT 
= 11 s) and remained stable for the next days. The RE increase of DMS at the start-up was 
much slower when comparing with ACE. A 90% RE was reached after 21 days (P6, EBRT = 
57 s). The RE of hexane was lower than for ACE and DMS. After 15 days, a maximum RE of 
47% was obtained. Similar as DMS, the RE of hexane in the last two sections (between P4 
and P6) was not significant different, which implies a low bio-catabolic activity. The RE of 
ACE is the most in the first three sections. In this zone of the biofilter, also the highest RE 
of hexane is visible. In the sections from P4 to P6 where no ACE was present, also a low RE 
of hexane was visible. 
 
Figure 27 The RE (%) in function of the empty bed residence time (EBRT) through the biofilter and 
in function of time (days) of operation for ACE, DMS and hexane. Every measuring port is 
related to a specified EBRT based on the empty bed volume unto the specific sample port. 
The inlet load (IL) (based on the total biofilter) from day 1 to 23 was 0.52±0.27 (ACE), 
0.86±0.45 (DMS) and 2.7±1.3 g m-3 h-1 (hexane). 
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5.3.2.2 Overall performance 
The operating line of the biofilter filled with compost, wood and silicone foam operating at 
an EBRT of 57 s is presented in Figure 28. The ability to remove ACE and DMS was high in 
the applied inlet load (IL) range. At an IL of 1.25 g m-3 h-1 a lower RE of DMS was obtained 
due to the adaptation caused by an increase of IL. For ACE, the RE was in most cases 99.9%. 
The hexane removal was lower in comparison with ACE and DMS, i.e. approximately 50 %. 
As shown in Figure 27, the last two compartments in the biofilter did not provide an 
additional removal and RE of hexane (50%) was obtained after the three first sections 
corresponding to an EBRT of 34 s (P4).  
 
Figure 28 Elimination capacity (EC) in function of inlet load (IL) for ACE, DMS and hexane at an EBRT 
of 57 s. 
Important to note is that very few papers are available where the treatment of hexane in 
biofilter is investigated with other co-compounds like in this chapter. Zamir et al. (2014) 
investigated the removal of hexane using a biofilter containing compost operating at an 
EBRT of 120 s. A 99% removal was reached at IL of 210 g m-3 h-1 [79]. Valenzuela-Reyes 
reported a 60% removal at an IL of 16.5 g m-3 h-1 under acidic conditions (pH 4) using a 
biofilter packed with granular perlite [88]. The use of fungi strains like Fusarium solani in a 
perlite packed biofilter at lower EBRT (30 s) at an IL of 120 g m-3 h-1 reached a RE of 63% 
under acidic conditions [78]. Previous work at the EnVOC research group dealing with the 
treatment of a mixed waste gas stream (ACE, DMS, hexane, toluene and limonene), packed 
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with compost and wood dowels, operating at an EBRT of 40 s did not demonstrated 
significant hexane removal [224]. Comparing this result with the current study, reveals that 
the use of silicone foam in the packing material can increase the RE of hexane. Figure 29a 
shows the operating line of the biofilter for the different sections of the biofilter. The IL, 
Elimination Capacity (EC) and RE were calculated for section P1 to P2 (EBRT = 11 s), P1 to 
P3 (EBRT = 23 s) and P1 to P4 (EBRT = 34 s). Based on the linear relationship between the 
RE and the EBRT (Figure 29b), a 100% RE for hexane can be obtained with an EBRT of 75 s. 
The latter assumes that the biofilter is operating with the same conditions as the first three 
sections of the biofilter in this study. 
 
 
Figure 29 (A) Elimination capacity (EC) in function of inlet load (IL) for hexane for different EBRT 
based on different sections in the biofilter (EBRT = 11s; section 1, EBRT = 23 s; section 1 
and 2, EBRT = 34 s; section 1 to 3). (B) RE in function of EBRT based on figure A. 
5.3.2.3 pH effect 
Biofiltration of sulphur containing VOCs produce sulphuric acids and lowers the pH of the 
packing material which might alter the microorganism community and activity [225]. The 
addition of nutrients or buffer solution to the top of the biofilter can be used to neutralise 
the acid production. DMS is oxidised to sulphuric acid which was mainly responsible for 
acidification of the biofilter packing materials.  
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Assuming that nutrients were sufficiently present, a drop of the pH from 6.9 to 4.8 caused 
a drop of the RE of ACE 99.9% to 77%, of DMS removal from 99.6% to 36 % and of hexane 
removal from 57% to 18 %. The supply of buffer solution at day 109 (KH2PO4 and KHPO4 at 
pH = 7.5; 0.1 M) increases again the pH to neutral levels (7.1 ± 0.1). The pH was maintained 
at optimum value but the RE kept decreasing. Addition of nutrients was necessary to 
increase the RE. 
5.3.2.4 CO2 and sulphate analysis 
Next to the measurement of VOC, also the CO2 was measured. Figure 30a represents the 
CO2 produced (PCO2; mg C m-3 min-1) at the outlet port of the biofilter (P6) in function of 
total EC at conditions when steady-state and no nutrient deficiency is present. The linear 
equation between PCO2 and the total EC indicates that almost every carbon atom is 
transformed into CO2 by biological oxidation. In the period where the acid packing material 
was neutralised with phosphate buffer (0.1 M, pH 7.6), the linear relationship between 
PCO2 and total EC was characterised by a lower slope. In this phase, the average PO43- 
concentration in the leachate was 10.3 g L-1 instead of 2.6 g L-1 before the extra addition of 
phosphate. The consequence was that 50% of the incoming carbon was transformed to CO2 
and 50% remained in the basic phosphate liquid on the packing material or was 
incorporated in the biomass due to the higher microbial activity in non-acidic media. 
Sulphate ions in the leachate, resulting from the oxidation of DMS and nutrient solution 
(containing MgSO4), were measured with IC. The cumulative amount of sulphur in the form 
of sulphate, removed in the leachate was plotted against the cumulative amount of sulphur 
removed from the gas phase (DMS) over time (Figure 30b). The linear regression showed 
that only 1/3 of the sulphur of DMS that is removed is found in the leachate. As a 
consequence, 2/3 of the sulphur is not removed by the addition of liquid on the biofilter 
(water, nutrient solution and phosphate buffer). A higher trickling volume is suggested 






Figure 30 (A) PCO2 in function of ECTOTAL for a low (2.6 g L-1) and high PO43- (10.3 g L-1) concentration 
in the biofilter leachate. (B) Cumulative S-SO42- measured in the leachate with ionic 
chromatography in function of the cumulative S-DMS removal in the biofilter. The linear 
regression line (y=ax+b) corresponds with a = 3.51, b = -4.44 and R2=0.95. 
 
5.3.2.5 Simultaneous metabolism 
Among the three compounds used to investigate the performance of the biofilter, ACE was 
the most accessible source for microorganism(s) which could cause the inhibition of the 
biodegradation of hexane. From day 171, only hexane was used as pollutant in order to 
investigate if there was a co-metabolism effect of the other compounds on the degradation 
of hexane. During a 10-day experiment of the biofilter with only hexane as a pollutant, a 
higher EC for hexane was obtained. The average EC of hexane was 0.25 ± 0.17 g m-3 h-1 at 
an IL of 0.38 ± 0.03 g m-3 h-1 which corresponds to significant higher RE of 64 ± 3 %. 
5.3.3 Microbial community analysis 
The packing material samples that were taken after 180 days of operation were analysed 
with the 16S rRNA gene amplification. Almost 9000 different OUT’s were detected in the 
19 samples. The relative abundance (%) of the 40 most abundant microbial species are 
shown in Figure 31. Next to the different samples taken at the inlet and outlet of the three 
packing materials (n=3), also fresh compost was analysed. In most cases, except for 
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Acetobacteriacea, Rhizobiales and one Mycobacterium sp, the microbial species have a 
higher relative abundance in the three types of packing material in comparison with the 
microbial community present in the fresh compost. The microbial analysis revealed that in 
most cases there is not a substantial difference in the relative abundance between the 
three packing materials. However, three species showed a higher abundance on the silicone 
foam packing when compared to the compost packing (samples taken at inlet): Rhodobacer 
sp., Methylobacillus sp. and Acetobacteriacea. The presence of some species can be 
compared to literature. Moe et al. (2013) found that Rhodanobacter sp. and Gordonia sp. 
were the most abundant species (more than 70% of the total population) in treating β-
caryophyllene from air [227]. Hyphomicrobium sp. and Thiobacillus sp. are known for the 
removal of methyl containing compounds (DMS and dichloromethane) and H2S [59, 225, 
228-231]. Bacteroidetes were found as efficient degraders of methyl compounds [232]. Yet, 
some bacteria were found in literature related to biofiltration of pollutants. Dokdonella sp. 
were found to be excellent methyl acrylate degraders [58].  
 
Figure 31 Community analysis at the inlet and outlet of the biofilter. Samples were taken (n=3) of 
wood dowels and silicone foam, and free compost samples. 
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Hydrocarbons can be degraded by the use of Sphingomonas sp. and Mycobacterium sp. 
[233, 234]. Bacteria have different metabolic pathway possibilities and thus they can be 
found in different works, dealing with different pollutants in different circumstances. 
5.4 Conclusions 
The applicability of using silicone foam in a biofilter packing material was investigated as 
hydrophobic compound comparing to conventional packing materials. Silicone foam parts 
were mixed with compost and wood dowels in a 1:1:1 volumetric ratio to treat ACE, hexane 
and DMS. Initially, the affinity of the three target VOCs for the materials was quantified by 
measuring the packing material-to-air partition coefficients, using a SIFT-MS based 
breakthrough approach. The affinity of hexane towards silicone foam is 20 times stronger 
than compost and wood dowels, showing the potential higher mass transfer of hexane to 
the packing material. DMS and ACE were removed well (more than 80%), while hexane was 
removed approximately 50 % at an EBRT of 57 s. Comparing with previous works, the 
hexane removal increased by using silicone foam when treating waste gases with multiple 
compounds. Real-time porosity measurements were performed for the first time using 
methane and SIFT-MS. Metagenomics analysis on the different packing materials showed 
that there is excessive abundance of certain strains on the silicone foam compared to other 
species. A clear difference in microbial population was observed between the fresh 
compost and the packing material after 180 days of operation. Rhodanobacter sp. were 
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Emission of Volatile Organic Compounds (VOC) arises partly from the evaporation of 
solvents and from spillage or evaporation of petroleum products [235]. In Europe, more 
than 600 chemical processing industries are using biofilters to treat waste air streams [236, 
237]. The advantages of biofiltration over other abatement techniques are i) the low energy 
requirements, ii) avoiding dangerous reagents or extreme operational conditions, iii) the 
fact that the polluting agent is destroyed rather than transferred to another phase and 
hence circumventing the production of a secondary waste stream, and iv) its cost-efficiency 
to treat large air flows (up to 105 m3 h-1) with low pollutant concentrations (less than 5  
g m-3) [47].  
Packing materials include natural media rich in microorganisms (peat, compost, wood chips 
and soil), inert packing media (activated carbon, perlite, lava rock) or a combination of both. 
Inert media are usually more stable and allow for a uniform gas distribution but contain less 
inherent microorganisms and are usually more expensive [46]. Microorganisms can 
eliminate the substrate by catabolism to form oxidation products or by anabolism to 
produce new cells. The community is regularly composed by a consortium of bacteria and 
fungi [53]. Fungal biofilters have some advantages in comparison to bacterial biofilters. 
Fungi are active in acidic and neutral pH, while bacteria require near neutral conditions and 
are less tolerant to pH fluctuations. Fungi survive better at lower water content and 
reduced water activity (aw) [55]. Moreover, the fungal aerial mycelium provides a 
hydrophobic area and potentially facilitates mass transfer of the pollutant and oxygen. 
Protein coatings, named hydrophobins, provide filamentous fungi with a water-repellent 
layer and enables them to metabolise hydrophobic compounds like e.g. hexane [56]. The 
primary use of hexane is as solvent to extract vegetable oil from crops but also as cleaning 
agent in the textile, furniture, printing and pharmaceutical industry [238]. The performance 
of a biofilter was investigated with perlite as packing material for hexane degradation [78, 
81, 83, 84, 86, 88, 239], compost in combination with perlite [77], compost in combination 
with lava rock [79], expanded clay [80], poraver beads [240], modified peat moss or sawdust 
 
 123 
[85], granular activated carbon [87] and compost with kaldnes rings [69]. Different 
microorganisms and packing materials have been evaluated, with special attention on the 
use of fungal species and perlite. Fusarium solani was found to achieve the highest 
elimination capacities in biofilters when removing hexane [83-85]. The use of gas 
chromatography seems to be standard in biofilter research. This is mainly because the 
majority of papers focus on the determination of elimination capacities at the moment 
when steady state was reached. Data on transient behaviour, e.g. to investigate the 
response of the biofilter against dynamic changes seems to be limited. The use of online 
measurement techniques could be an opportunity to provide insights in this behaviour. 
Selected Ion Flow Tube Mass Spectrometry (SIFT-MS), a technique for a real-time 
quantitative analysis of VOCs and other gases, can be used to follow-up these changes [70] 
The goal of this chapter is the study of the dynamic behaviour of a fungal biofilter (Fusarium 
solani) packed with expanded perlite for the abatement of hexane polluted gas streams. 
The performance of the biofilter will be evaluated in terms of the removal efficiency (RE), 
elimination capacity (EC) and critical load (CL), with special emphasis to the behaviour of 
transient conditions. An evaluation of the effect of the following perturbations will be 
discussed: (i) abrupt changes in the relative humidity (RH) of the inlet gas to simulate the 
malfunctioning of the humidification system (HS), (ii) recovery effect after periods during 1, 
5 and 10 days without hexane inlet concentration, in order to simulate process shutdown 
or malfunctioning of industrial processes, (iii) step increases and intermittent pulses in the 
inlet hexane concentration to simulate unplanned dynamic loads or changes in industrial 
processes, and (iv) periods without addition of nutrients to evaluate the impact of scarcity 
of essential elements. Furthermore, a characterization of the expanded perlite in terms of 
porosity and water holding capacity will be conducted. Additionally, state-of-the-art X-ray 





6.2 Materials and methods 
6.2.1 Experimental setup and packing material 
6.2.1.1 Setup 
The packed bed biofilter consisted of a cylindrical Plexiglas tube with 1.6 m height and an 
internal diameter of 0.145 m as shown in Figure 32. It was filled with 14 L of expanded 
perlite [241, 242] (2 L in the range 5 - 8 mm diameter and 12 L in the range 2.5 - 5 mm 
diameter) equivalent to 0.825 m height. The particle porosity was determined by Celik et 
al. (2013), i.e. 79% [243]. The specific surface is equal to 2.3 to 6.5 m² g-1 [85]. Below the 
packed bed, a section of 0.4 m height was filled with Pall rings (porosity of Pall rings = 87%) 
to improve the distribution of the inlet stream which was fed from the bottom. 
Five sample ports (P1 to P5) were installed at every 20.5 cm along the height of the packing 
material. The biofilter was sealed at the top with a plastic screw cap which could be opened 
to take samples of the packing material and to manually add a nutrient solution to the 
biofilter. The liquid solution leached from the biofilter could be collected at the bottom or 
recirculated. Before the addition of fresh nutrients, the leachate was removed. 
The inlet airflow rate was kept at 7.02 ± 0.12 L min-1, corresponding to an empty bed 
residence time (EBRT) of 116 s. The inlet hexane concentration was kept between 33 and 
467 mg m-3 (9 - 130 ppmv) corresponding to an inlet load (IL) between 1 and 14 g m-3 h-1. 
An injection port (Pinj) was installed to inject VOCs in the biofilter to perform interaction 
studies. The gas stream (Q5) flowing through the sample ports (P1 to P5) was measured 
with a rotameter and controlled at a flow rate of 150 mL min-1 using a valve after the 
rotameter. The stream Q5 was diluted with nitrogen stream (Q4) controlled with MFC 4 
before going the SIFT-MS instrument. The latter is needed to make sure the SIFT-MS is 
measuring in the linear range. Q5+Q4 is further analysed with a relative humidity (RH) probe 




Figure 32 Experimental setup for the evaluation of a biofilter packed with expanded perlite. The 
setup consists of a VOC generation system, humidification system and two possible 
operation modes: (A) profile mode and (B) switch mode. The analysis part consists of SIFT-
MS, a CO2 probe and a relative humidity (RH) probe. Where MFC: Mass flow controller, 
HB: Hexane bottle, PV: Pneumatic Valve, RM: Rotameter, SIFT-MS: Selective Ion Flow 
Tube Mass Spectrometer. 
6.2.1.2 VOC generation system  
The waste gas stream was made using a homemade VOC generation system (Figure 32). 
Two SS vessels (height: 17 cm, diameter: 6 cm; HB 1 and HB 2) were partially filled with 
liquid hexane (Purity more than 98%; Merck), keeping a headspace gas volume in 
equilibrium with the liquid hexane phase. The temperature of the vessels was kept constant 
at 20°C by a thermostatic cabinet. A small flow fraction (Qc1, Qc2) from the air streams (Q1, 
Q2) was diverted through a capillary into the headspace of the SS vessel. By this means, a 
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small flow of saturated headspace is injected into the main stream. The gas flow through 
the SS vessel could be adjusted by a valve and by changing the gas restriction by replacing 
the capillaries (inner capillary diameter from 0.005 to 0.01 inches). Two independent 
capillary systems were used to achieve the target concentration. The main stream of the 
first system was named Q1 and it was set to 5.0 L min-1 air by using mass flow controller 
MFC 1; the main stream of the second system was named Q2 and it was set to 2.2 L min-1 
air by using mass flow controller MFC 2. An additional stream of pure air (Q3 set at 5.0 L min-
1) was connected to an electronic controlled pneumatic four-way valve (PV1) to be 
alternated with the saturated stream Q1. Streams Q1 and Q3 alternate depending on the 
position of the valve, thereby changing the concentration from “low” to “high”. The 
combined streams (Q1+Q2 or Q3+Q2) passed through a bubble column (HS) filled with 
deionised water to increase the RH near to saturation point (RH more than 90%). 
6.2.1.3 Configuration modes 
Two different configuration modes of the gas generation system were employed: i) profile 
mode and ii) switch mode (Figure 32). Both systems could be alternated after a perturbation 
to complement the information gathered and increase the insight during dynamic changes. 
In profile mode, the sample ports from P1 to P5 were consecutively opened to measure the 
hexane concentration at the different heights in the biofilter. In this mode, CO2, RH, 
temperature and hexane concentration were measured. In profile mode, usually a constant 
inlet hexane concentration was fed to obtain the concentration profile inside the biofilter. 
In switch mode, the valves of the ports P2 to P4 were kept closed. P1 (inlet) and P5 (outlet) 
are connected to a four-way pneumatic valve (PV2). This allows to alternate between ports 
P1 and P5 during long term measurements (usually 16 h to 48 h). The valve was controlled 
automatically by an electric controller with a timer. In switch mode, the biofilter was usually 
fed with pulses of low and high concentration in the inlet gas stream. The pulses were 
controlled by switching PV1 every 10 to 30 min. The concentration in the stream was 
followed up by switching PV2 between P1 and P5. Thereby, the response of the biofilter in 
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terms of IL, EC and RE is followed for short term periods (during the first hours) or for long 
term periods (up to 48 hours). 
6.2.2 Fungi and start-up 
The fungal species Fusarium solani (Belgian Co-Ordinated Collection of Microorganisms 
BCCM/MUCL) was inoculated and growing in an Erlenmeyer flask (1 L) for 1 month at 
ambient temperature. This liquid solution was added to the perlite biofilter before the start 
of this study. The start-up phase of the biofilter was not the objective of this study. 
6.2.3 Nutrients 
Hexane was used as model hydrophobic compound and main carbon source for the 
microorganisms. A nutrient solution containing: 18 g L-1 NaNO3, 1.3 g L-1 KH2PO4, 0.186 g L-
1 MgSO4, 0.22 g L-1 CaSO4, 0.073 g L-1 CaCl2·2H2O, 0.011 g L-1 MnCl2·2H2O, 7.3 mg L-1 ZnSO4, 
1.3 mg L-1 CuSO4·5H2O, 0.82 mg L-1 CoCl2, 1.5 mg L-1 H3BO3 and 0.015 g L-1 FeSO4·7H2O was 
used in the biofilter [78, 85, 88, 244, 245]. The nutrient solution was added at the top of 
the biofilter. The leachate obtained at the bottom was periodically recirculated to get a 
homogeneous distribution.  
6.2.4 Analytical tools 
6.2.4.1 Measurement of VOCs with SIFT-MS 
Selected Ion Flow Tube Mass Spectrometry (SIFT-MS) was used for real-time measurement 
of VOCs concentration (Voice 200 by Syft technologies, Interscience Louvain-La-Neuve, 
Belgium). The technique is based on the chemical ionization of VOCs using precursor ions. 
(NO+, H3O+ and O2+) [70]. The following product ions of hexane were measured: H3O+·C6H14 
[H3O+], m/z = 105; C6H13+ [NO+], m/z=85; C6H14+ [O2+], m/z=86. The signal of the product ion 
C6H14+ [O2+] was used for the calculations. During long continuous measurements (usually 
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in switch mode), a moving average calculation of 50 data points was used to smooth out 
short-term fluctuations and highlight longer-term trends.  
6.2.4.2 Measurement of CO2, RH, temperature, pH and pressure drop 
CO2 was measured online with a CO2 measuring probe (Vaisala GMP222, Finland). RH and 
temperature were measured using a thermohygrometer (Testo 625, Germany). The pH of 
the leachate was measured using a standard pH probe (Jenway pH - meter 3310, UK). 
Pressure drop was measured with a water manometer between ports P1 and P5.  
6.2.4.3 X-ray state-of-the-art technology 
The experiments using X-ray based techniques were performed on three different 
laboratory setups, of which two were developed at the Faculty of Sciences of Ghent 
University (the Herakles 3D scanner and microXRF setup) and one is a commercially 
available setup (the EDAX Eagle-III instrument). 
The Herakles 3D X-ray scanner was used for the three-dimensional techniques, being X-ray 
µCT and XRF-CT [246]. The µCT scans were performed using the Radeye CMOS detector of 
the setup (Teledyne DALSA Inc., Ontario, Canada) with the tungsten target transmission X-
ray tube (X-RAY WorX, Garbsen, Germany) at 70 kV and 3 W. 1530 projections of 500 ms 
acquisition time per image were taken. XRF-CT used a Mo anode tube equipped with 
monocapillary optics (Xbeam, X-ray Optical Systems, USA) to generate a pencil beam with 
a spot size of 20 µm in both dimensions, two large-area SDD detectors (SiriusSD, SGX, UK) 
were used in dual detector mode to collect the fluorescent radiation. Due to self-absorption 
effects, the XRF-CT did not yield reliable information on the interior of the perlite samples 
for low atomic number elements (Z less than 24), therefore a monochromatic microXRF 
setup [247] was used to scans perlite particles embedded in epoxy resin. The embedding of 
perlite particles (blank and at P3 after 20 days) was done using a two-compound resin 
(EpoxFix Resin and Epofix Hardener (Struers)). After stirring, this mix was added to a beaker 
in which the perlite particle (central positioned) was fixed using a plastic clamp. After 48 
hours drying, the resin block was grinded subsequently using sandpaper with 220, 500 and 
2000 mesh. Conventional 2D XRF images were taken at the polished surface. 
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This setup uses a Mo anode tube equipped with DCC optics (X-ray Optical Systems) to 
monochromatize and focus the beam (spot size around 100 µm) and an SDD detector to 
monitor the fluorescent X-rays. Since the main elements which differed between the blank 
samples and used perlite particles were relatively light (Al, Si and S) extra scans were 
performed on the EDAX Eagle-III under vacuum conditions. This setup uses a Rh anode tube 
equipped with polycapillary optics generating a tunable spot size (60 µm spot was used 
during the experiments) and a Si(Li) detector. Mappings were performed with 50 µm step 
size and 10 s measurement time per point. 
The internal porosity was estimated based on the grey values of the µCT scan. Within the 
borders of the perlite 3D structure, two different volumes were calculated: background and 
non-background (perlite and/or biomass). A threshold greyscale between 14000 and 15000 
was used to differentiate between the two phases. The internal porosity is calculated as the 
ratio of background volume to the non-background volume. 
6.2.5 Determination of the porosity 
The porosity of the packing material (θ) was calculated by the ratio of the net residence 
time (NRT) of the gas over the EBRT as shown in Equation 6.1. The NRT was determined as 
the time of a VOC required to travel across the packing material, i.e. from port P1 to port 
P5. The effect of the molecular size on the determination of the NRT, was evaluated using 
different alkanes. A mixture of CH4, propane, butane, isobutane, pentane, hexane and 
heptane was injected in the injection port Pinj. The injection results in a concentration peak 
measured by SIFT-MS. The NRT was determined by the difference between the peak top at 










6.2.6 Determination of the water holding capacity  
The water holding capacity (WHC) of the packing material is the amount of water retained 
by the packing bed (g water per g perlite*100; %). Therefore, 1 g of dry expanded perlite 
was put into a volumetric flash and 100 mL deionized water was added. The flask was 
agitated for 1 min and stored for 1 h. The flask was turned upside down and water was 
drained by action of the gravity for 1 h. The wet sample of perlite was weighted and the 
amount of water held in the sample was calculated by subtracting the weight of the dry 
perlite. The WHC indicates that perlite can hold up almost 4 times its weight in water (WHC 
= 3.6 g water g-1 perlite). Different values have been reported in relation to the water 
absorption capacity of expanded perlite such as 3.6 g water g-1 perlite [248], 2 to 6 g water 
g-1 perlite [242] and 3.1 g water g-1 perlite [249]. 
6.3 Results and discussion 
6.3.1 Biofilter characteristics 
6.3.1.1 Porosity 
6.3.1.1.1 Effect of alkanes  
To assess the suitability of gases to measure biofilter porosity values, different alkanes were 
injected in the biofilter and NRTs were determined (Figure 33a). The addition of water, 
simulating wet conditions, will decrease the empty volume of the biofilter and the gas will 
travel faster along the packing material. Considering the flow rate of 7.02 L min-1 and the 
addition of 6.5 L water, the NRT should theoretically decrease 56 s. The average difference 
in the NRT between dry and wet conditions drops to 64.3 ± 6.2 s. Therefore, the water 
content on the packing material can directly affect the apparent porosity. All the selected 
alkanes present a dimensionless Henry’s law coefficient higher than one, indicating that a 
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larger fraction of the compound will remain in the gas phase [250]. Figure 33a shows that 
compounds with a larger carbon chain have a higher NRT, due to higher Van der Waals 
forces and stronger intermolecular attractions with nonpolar surfaces. These interactions 
can impact the NRT and as consequence the determination of the porosity. For instance, 
heptane was retained 14 s longer than CH4 in the wet biofilter. This time increased to 66 s 
in the dry biofilter. The injection of the different compounds was performed in duplicate 
and the NRT presented a relative error below 3.5%. As it is shown in Figure 33a, the use of 
CH4 seems to be the correct choice to determine porosity given its wide availability, non-
toxicity and smallest retention in the biofilter column. 
 
Figure 33 (A) Net Residence Time (NRT) of different alkanes (CH4 (1), propane (3), butane (4), 
isobutane (4), pentane (5), hexane (6) and heptane (7)) in the biofilter for dry and wet 
conditions (after adding 6.5 L water to the biofilter), measured on days 39 and 94 of 
operation, respectively. (B) Evolution of the porosity of the biofilter during the studied 
period using CH4 injections. 
6.3.1.1.2 Porosity and pressure drop over time 
The evolution of the porosity, based on CH4 injections, of the biofilter are shown in 
Figure 33b. The theoretical porosity of the expanded perlite is 85% based on the close-
packing for equal spheres (74%) and the internal porosity of the expanded perlite (79%). 
Porosity values were reported close to 95% when during a period of 23 days no water 
addition occurred and dry air (RH 30%) flowed through the biofilter. When water was added 
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to the biofilter, the measured porosity decreased. For instance, 6.5 L of water and nutrients 
were added on day 45 to the biofilter and a reduction of the porosity values between 75 to 
80% from days 64 to 92 can be noticed. A similar porosity profile is visible in the second 
part of Figure 33b. At day 180 and 185 an intensive pH adjustment was performed (see 
section 6.3.2.4.1). A pH adjusted nutrient solution was recirculated several times on top of 
the biofilter and pH was adjusted to 4. The porosity dropped from 85% to 56%. In a next 
period, starvation periods were examined whereby no liquid addition was performed (see 
section 6.3.2.3). This causes again an increase of the porosity from 55% to maximum 83%. 
This means that the porosity is an important measure to know the active water content in 
the biofilter with inert packing material. 
The pressure drop was between 10 - 20 Pa. The obtained pressure drop confirms the value 
of 20 Pa m-1 found by Kibazohi et al. (2004) for a biofilter packed with expanded perlite 
[239]. Biofilters packed with compost have reported values between 100 - 330 Pa m-1 [69, 
77]. It has been indicated that fungal biofilters could lead onto higher pressure drop than 
bacterial biofilters due to the presence of filaments cover more space. The obtained high 
porosity and low pressure values suggest a limited presence of fungal hyphal 
microorganisms. The low pressure drop of the expanded perlite bed is an advantage in 
comparison to other packing materials, offering the opportunity to operate the biofilter 
with lower energy requirements. 
6.3.1.2 X-ray imaging 
For the first time advanced X-ray technology is applied to visualise the biofilm in biofilter 
medium composed of perlite. Multilayer µCT scans were performed on blank and used 
perlite particles from the biofilter. Because biomass consumes specific elements from the 
nutrient solution, detection of these elements can be used as an indicator of biomass 
growth inside the particle. Computational software could calculate the relative pixel 
amount of grey-black (perlite and biomass) compared to the background (white pixels). This 
ratio can be used to calculate the internal porosity of the perlite particle. The median 
internal porosity of blank particles (n=8) was 74% (Figure 34a). This number corresponds 




Figure 34 Application of state-of-the-art X-ray technology on biofilter packing material. (A) 
Calculated internal porosity of blank perlite, at P2 and P3 at different operation times 
(day 20 and day 277). A threshold value was selected to differentiate background and 
non-background (perlite structure and biomass). (B) µCT scan of a blank perlite 
particle. (C) µCT scan of a perlite particle at P3 at day 277. (D) and (E) intensity of 
sulphur elements detected with 2D XRF of a cut section of an epoxy embedded blank 
perlite particle and a perlite particle at P3 after 20 days. 
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During the first 277 days of operation, biomass growth was assumed, reducing the void 
space in the initial open structure of the neat perlite. To prove this assumption, µCT scans 
were made of a blank perlite particle (Figure 34b) and a perlite particle after 277 days of 
operation (Figure 34c). From these images, it is clear that perlite is a largely open (foam-
like) structure (black lines). Due to the lower attenuation of X-rays by the biomass, the 
colour of biomass is a greyscale in between the background and the perlite structure.  
The growth of the biofilter in the perlite structure can be confirmed by looking to the 
internal porosity. A decrease of the median internal porosity was observed from 74% 
(blank) to 40% (P3, 277 days) (Figure 34a). To confirm the presence of biomass inside the 
perlite, a 2D XRF image was taken on a cut section of an epoxy embedded blank and used 
perlite particle. The Compton scatter corrected sulphur intensity increased with a factor 1.7 
in the P3 perlite particle compared to the blank perlite particle. This is visualised in 
Figure 34d and Figure 34e, where sulphur in the perlite particle can be used as indicator for 
biomass (assuming uptake of sulphur by the biomass). 
6.3.2 Hexane removal 
In industrial applications, biofilters may be subjected to different perturbations such as 
variations in the inlet concentration, relative humidity, starvation periods by lack of carbon 
or essential nutrients, and dynamic loads. These conditions were simulated to assess the 
biofilter performance. 
6.3.2.1 General performance of the biofilter 
The biofilter was studied under different operational conditions for 277 days. The flow rate 
was kept at 7.02 ± 0.12 L min-1 resulting in an EBRT of 116 s; the inlet gas temperature was 
kept at room temperature (20.9 ± 1.9 ºC); and the inlet gas RH was kept at 93.2 ± 14.0% 
except for the period in which perturbations of the biofilter were investigated. The hexane 
inlet concentration was changed three times during the operation (day 96, 234 and 254, 
resulting in Phase 1 to 4). An overview of the different phases, IL, EBRT and different events 
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that were undertaken can be found in Table 17. The evolution of the IL and EC can be found 
in Figure 35.  
Table 17 IL, EBRT and different events that were undertaken in different phases 
Day Phase IL 












the gas humidifier 
First measurement - System stable 
8 Disconnection of humidification system 
9 
Determination of perlite partition  
coefficient #1 
31 Connection of humidification system 
39 NRT of alkanes in dry condition #1 
45 Addition of nutrients #1 
64 Last measurement - System stable 








Increase on the inlet 
gas concentration 
#1 
Step increase from 1.65 to 4.41 g m-3 h-1 
101 Addition of nutrients #2 
114 Low-high concentration pulses #1 
180 Adjusting 6 L tank pH 
185 Adjusting biofilter pH 
208 Addition of nutrients #3 
211 
Starvation period #1 
Disconnection of inlet gas stream #1 
212 Recovery after 1 day disconnected 
214 
Starvation period #2 
Disconnection of inlet gas stream #2 
219 Recovery after 5 day disconnected 
220 Increase on the inlet 
gas concentration 
#1 (continuation) 
Low-high concentration pulses #2 





Increase on the inlet 
gas concentration 
#2  
Step increase from 4.41 g m-3 h-1 
to 13.1 g m-3 h-1 
238 Addition of nutrients #5 
242 
Adjusting biofilter pH and addition of 
nutrients #6 
247 Addition of nutrients #7 





Decrease on the 
inlet gas 
concentration #1 
Step decrease from 13.1 g m-3 h-1 to 4.5 g 
m-3 h-1  
255 Addition of nutrients #8 
263 
Determination of perlite partition 
coefficient #2 
264 
Starvation period #3 
Disconnection of inlet gas stream #3 
274 Recovery after 10 days disconnected 





Figure 35 Overview of the inlet load (IL) and elimination capacity (EC) in function of time (days). The 
red dotted lines separates the different phases 1 to 4, indicated on top of the figure. 
 
Figure 36 shows the operating line when the system was stable, i.e. periods of stress are 
not included (nutrient and RH limitation, IL step increases and IL pulses). The 100% RE line 
is shown as reference. Data are shown in function of the different phases corresponding to 
different IL. A logarithmic regression fit on the data shows a good correlation between both 
variables (R2 more than 0.95; n=29) and it indicates that the EC could still increase with 
higher IL.  
The CL corresponding to the highest IL in which the RE was still 100% was found in 4.9 g m-
3 h-1. The maximum EC was 6.8 g m-3 h-1 when the IL was 13.4 g m-3 h-1 (RE equal to 51%). 
The obtained CL and maximum observed EC fell below the reported values in literature. The 
highest reported EC was 400 g m-3 h-1 in a biofilter packed with compost, with fungal 
consortium and operated with IL 600 g m-3 h-1, EBRT = 120 s and inlet concentration 11 g 
m-3 [79].  
A biofilter filled with expanded perlite and inoculated with Fusarium solani presented CLs 
and EC of 70 g m-3 h-1 and 130 g m-3 h-1, respectively, operated under EBRT = 60 s and inlet 
concentration = 0.5 - 1 g m-3 [78]. In general, the studies which reported higher EC worked 
with inlet concentrations between 1 - 15 g m-3 corresponding to IL as high as 600 g m-3 h-1. 
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The operational conditions of this current work were different and considered a lower inlet 
concentration between 0.036 and 0.47 g m-3, corresponding to an IL below 15 g m-3 h-1. Two 
factors may explain the lower EC of the current work: Stress conditions for the microbial 
population during perturabations and the lower hexane concentrations of the inlet gas. 
 
Figure 36 EC in function of IL for stable state conditions. The reference line represents an IL equal 
to EC (i.e. RE=100 %). A logarithmic regression was fit on the data (EC = 2.19 ln(IL) + 0.48). 
Details about phase 1 to 4 can be found in Table 17. 
 
6.3.2.2 Behaviour of the biofilter against perturbations 
6.3.2.2.1 Effect of the inlet gas RH 
The performance of the biofilter against sudden changes in the RH of the inlet gas is shown 
in Figure 37. The HS was disconnected from the main stream on day 7. An immediate 
decrease was observed of the inlet RH (P1) from 90% to 30%. The RH of the first section 
(P1-P2) dropped fastly to 30% while the RH decrease was slower for section P2 to P3 and 
section P3 to P4, needing 14 and 21 days respectively to reach a RH of 30%. The top section 
(P4 to P5) only showed a reduction of the RH to 67% after 23 days. The RE started a 
continuous decrease from 93% to 33% after 23 days since the HS was disconnected. The 
lower parts of the biofilter, which were dried first, presented a faster reduction on the RE 
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as well. Particularly, when the RH at a sample port reaches a value around 30%, equal to 
the inlet RH, the RE drops to 0% and microbial activity stops. 
 
Figure 37 Evolution of RH (%), RE (%), IL and EC (g h-1 m-3) from operation day 1 to 60. Different 
perturbations were performed: A: Disconnection of HS, B: Reconnection of HS, C: 
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When the HS was reconnected at day 30, the RH of the inlet gas increased immediately 
from 30% to 90%, taking less than 5 days to increase the RH on the different ports as well. 
In contrast, the RE at P5 only presented a slight increase (from 25 to 33%) from day 30 to 
32. The outlet RE decreased again further during the next twelve days (day 32 to 44) until 
reaching 10%. This effect shows that humidified air is not enough to reactivate the biofilter 
and addition of liquid water is required. Therefore, nutrients and water were added on day 
44. When a solution of nutrients was added, it took only 8 days to recover up to 90% RE. 
After addition of nutrients, the first section (P1-P2) of the biofilter could degraded up to 
50% of the hexane; section P1-P3 up to 70%; and section P1-P4 up to 90%. The last section 
(P4-P5) of the biofilter removed a small percentage (less than 3%) of the pollutant. To 
conclude, using an inlet flow with RH of 30% and no water addition during 23 days, the 
biofilter gradually was drying out. When the RH of Pi was equal to the inlet RH, no RE was 
detected, since all excess liquid water was vaporised. In this situation, the fungal activity 
was affected. The activity of the biofilter was only increased by adding water on top of the 
packing. 
6.3.2.3 Starvation periods 
Biofilters installed in process industries could expect to face starvation periods under 
overnight and weekend shutdown, plant maintenance or when unexpected problems occur 
in the process. The performance of the biofilter after a disconnection of the inlet gas is 
shown in Figure 38. It shows the EC and RE after a period of 1, 5 and 10 days without inlet 
stream (EBRT = 0 s and IL = 0 g h-1 m-3). The starvation periods were conducted between 
day 211 and 212 (1-day), between day 214 and 219 (5-day) and between day 264 and 274 
(10-day). Nutrients were added on day 208 and day 255 of operation to promote a faster 
recovery by the time when the gas was reconnected. 
The RE before the 1-day disconnection was 96% with an IL of 4.6 g m-3 h-1. After 
reconnection, the RE0 started in 86% and increased above 90% in only 2 h. Moreover, the 
RE continued increasing up to a value of 95% in less than 15 h. The RE immediately before 
the 5-day disconnection was 95% operating at an average IL of 4.3 g m-3 h-1. After 
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reconnection, the RE started in 58% and continuously increased up to 93% in less than 15 
h. No additional nutrients were necessary to recover to the initial state.  
 
Figure 38 i) Evolution of IL, EC and RE after connection of inlet stream after a 1-day starvation 
period (between day 211 - 212 of operation). RE0 represents the RE of the day before the 
starvation period. ii) Evolution after connection of inlet stream after a 5-days starvation 
period (between day 214 - 219 of operation). iii) Evolution after connection of inlet 
stream after a 10-days starvation period (between day 264 - 274 of operation). After 37 
hours, leachate recirculation from top of the BF was performed. 
A slower reactivation was observed through a starvation period of 10 days. The RE 
immediately before the 10-day disconnection was 60% operating at an average IL of 4.3 g 
m-3 h-1. After reconnection, the RE started in 5% and increased up to 31% during the first 
40 h. Between 30 and 37 hours after the reactivation, the RE increased with 1.1±0.1% per 
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hour. To enhance a faster recovery, the leachate was recirculated to quickly increase the 
water content on the biofilter and provide more nutrients. The RE started with a lower value 
of 20% and increased with 2.1±0.1% per hour. From 50 hours after reactivation, this speed 
dropped to 1.3±0.1%. After 50 hours, the RE was 47% and still 13% lower than the initial RE 
before the starvation period. 
Extended periods of starvation resulted in larger reductions of the RE. The RE decreased 
around 10%, 37% and 55% when the biofilter was disconnected from the inlet gas during 
1, 5 and 10 days, respectively. After the supply of hexane was restarted to the 
microorganisms, the EC and RE began to continuously increase up to a steady state. The EC 
profile shows an exponential growth phase until reaching a stationary phase, not requiring 
a lag phase. Short term starvations periods (less than 10 days) did not impact the fungi in 
such a way that they were not able to adapt rapidly to the previous conditions of inlet gas, 
which is good for the treatment of waste gas.  
6.3.2.4 Effect of IL and pH step increase and intermittent pulses of the IL 
Biofilters may be subjected to periodic variations in the inlet gas flow rates and inlet 
concentrations because of the normal operation of industrial processes (batch reactors, 
unplanned events). To get more insight about the transient behaviour of the biofilter, the 
hexane concentration was abruptly increased. 
6.3.2.4.1 IL and pH step increase 
The performance of the biofilter against a sudden 3-fold increase (day 234) of IL from 4.41 
± 1.17 g m-3 h-1 to 13.1 ± 0.70 g m-3 h-1 is shown in Figure 39 (time A). The abrupt increase 
of the concentration resulted in an immediate increase of the EC from 3.43 g m-3 h-1 to 6.19 
g m-3 h-1. However, the RE presented an instantaneous decrease from 86% to 50%. Although 
the microorganisms present in the biofilter could metabolise immediately a higher rate of 
hexane, the increase in the EC was lower than the increase in IL resulting in a lower RE. The 
higher consumption rate could not be sustained causing the EC to reduce from 6.1 to 3.9 g 
m-3 h-1 at day 234 to 237. 
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Nutrients were added on day 238 (Figure 39, time B), however, the RE did not increase 
higher than 45%. The addition of nutrients allowed the fungi to assimilate a higher rate of 
hexane causing an increase in the RE up to a short-term peak of 42% after 29 h since the 
addition. From that value, the RE decreased again. To promote the growth of the target 
fungal microorganism (Fusarium solani, optimal pH is around 4), the pH was adjusted from 
7.6 to 4.6 with sulphuric acid solution and a subsequent addition of nutrients was 
performed on day 242 (Figure 39, time C). First, a quick reduction in the RE from 30% to 
10% and later, a slow increase in the RE up to 51% until day 255 (EC equal to 6 g m-3 h-1). 
The first quick reduction in the RE may be explained by different factors: The addition of 
water could have limited the mass transfer of the hydrophobic compounds; the addition of 
the acid solution to reduce the pH of the biofilter could have washed out part of the 
microorganisms as well; and finally, the sudden reduction of 3.5 pH units could have 
affected the metabolic activity of the fungi. The delayed increase of the RE can be explained 
due to the assimilation of the substrate after an initial acclimatization phase.  
 
Figure 39 Evolution of IL, EC and RE after IL step increase from 4.4 to 13 g m-3 h-1 (between days 
230 and 254 of operation). A: IL step increase; B: Addition of nutrients; C: pH decrease 
from 7.1 to 4.6 and addition of nutrients. 
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6.3.2.4.2 IL pulses between high and low hexane loading 
The resilience of the biofilter against dynamic loadings was studied by working with 15-min 
periods of alternating IL loads from 1.73 ± 0.03 g m-3 h-1 (low IL) to 5.16 ± 0.07 g m-3 h-1 (high 
IL) during a total period of 18 h. Figure 40a shows the profile of the biofilter during the first 
12 h. The RE for both conditions were 69% and 57%, for the low and high IL, corresponding 
to EC of 1.20 ± 0.05 g m-3 h-1 and 2.91 ± 0.09 g m-3 h-1, respectively. The dynamic loading 
was started on day 114 of operation. Nutrients were added 2 weeks before (day 101 of 
operation) and the biofilter was fed with the high IL (5.2 g m-3 h-1) before the pulse 
perturbations. The biofilter could withstand an 18 h period of intermittent loading without 
decrease the RE, maintaining a different EC for each IL. Although a higher IL showed a higher 
EC, the RE was around 12% lower. No lag phase was observed, indicating a positive response 
of the biofilter to this stress. The biomass can be assumed constant during the 18 h period.  
In a subsequent experiment, the dynamic loading stage was repeated after the biofilter was 
operated under the high IL for more than 100 days (days 114 - 220 of operation, Phase 2) 
(Figure 40b). During that period, the pH of the biofilter was adjusted to pH 4.6 (day 185 of 
operation) to promote fungal growth, and nutrients were added (day 208 of operation) 
before the repetition of the same experiment to compare the results considering a longer 
time for the microorganisms to adapt. Twelve days after addition of the nutrients (day 220 
of operation), the resilience of the biofilter was studied against intermittent 15-min peaks 
with low (1.3 g m-3 h-1) and high (4.5 g m-3 h-1) IL during 14 h, as shown in Figure 40b. The 
RE was 89% and 84% for the low and high conditions, corresponding to the EC 1.2 ± 0.03 g 
m-3 h-1 and 3.8 ± 0.20 g m-3 h-1, respectively. Both RE presented a small decrease (less than 
5%) after 3 h of operation but the values remained stable during the following hours. After 
a longer acclimatization period to the inlet concentration, the biofilter showed an increased 
RE in both, the low and high IL. Moreover, the RE difference between both loadings was 
narrowed to 5.5% in comparison to the previous 12% (Figure 40a). Biomass growth during 
days 114 - 220 of operation may explain why the RE were higher on this test (Figure 40b) in 
comparison to the previous one (Figure 40a). 
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The resilience of the biofilter was studied under a more abrupt dynamic loading with a 
6-fold increase in the concentration on day 252 of operation (Figure 40c). The 30-min pulses 
changed from low IL (1.97 ± 0.01 g m-3 h-1) to high IL (11.7 ± 0.06 g m-3 h-1) during 15 h. The 
RE were 68% and 47%, for the low and high conditions, corresponding to EC 1.35 ± 0.02 g 
m-3 h-1 and 5.51 ± 0.10 g m-3 h-1, respectively. Overall, the biofilter presented a good capacity 
to face dynamic loadings between 3-fold to 6-fold increases in the inlet concentration for 
short periods (around 18 h).  
 
Figure 40 (A) Pulses (each 15 minutes) of the IL between 1.7 and 5.2 g m-3 h-1 (on day 114 of 
operation) with a pre-adaptation at IL of 1.7 g m-3 h-1. (B) Pulses (each 15 minutes) of the 
IL between 1.3 and 4.5 g m-3 h-1 (on day 220 of operation) with a pre-adaptation at IL of 
4.5 g m-3 h-1 and (C) Pulses (each 30 minutes) of the IL between 2.0 and 11.7 g m-3 h-1 (on 
day 252 of operation) with a pre-adaptation at IL of 11.7 g m-3 h-1. 
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6.3.2.5 Effect of nutrient addition 
The availability of nutrients is essential for the growth and activity of biomass, and it is an 
important factor in the operation of biofilters. In packing materials with low intrinsic 
availability such as perlite, this factor becomes even more important. The response of the 
biofilter was followed-up after the addition of nutrients under two different scenarios: 
three weeks since last nutrient addition (Figure 41a) and three months since last nutrient 
addition (Figure 41b).  
 
Figure 41 (A) Evolution of IL, EC and RE after addition of nutrients after 3 weeks of operation. The 
IL was 4.58 g m-3 h-1 (between days 208 - 229 of operation) and the RE was initially 75% 
(B) Evolution of IL, EC and RE after addition of nutrients after approximately 3 months. 
The IL was 4.77 g m-3 h-1 (between days 101 - 208 of operation) and the RE was initially 
31%.  
The biofilter was operated with an IL of 4.58 g m-3 h-1 during exactly three weeks without 
addition of nutrients (between days 208 - 229 of operation) until the RE reached 80%. After 
addition of nutrients, a fast recovery on the RE was observed. In less than 10 h, the RE was 
higher than 90%. To evaluate the effect of three months without addition, the biofilter was 
operated with an IL 4.77 g m-3 h-1 (107 days, between days 101 - 208 of operation) until the 
RE reached 31%. After addition of nutrients a continuous recovery on the RE was observed 




The results show a positive capacity of the biofilter to withstand long periods without 
nutrients. An extended period resulted in a more severe impact which required a longer 
acclimatization time to recover a high RE. Lack of nutrients for approximately three weeks 
and three months required only 10 h and 35 h to recover the RE above 90%, respectively. 
The later corresponds to recovery periods shorter than 2% of the period with nutrient 
scarcity. 
6.4 Conclusions 
A biofilter packed with expanded perlite and inoculated with Fusarium solani was studied 
under different operation conditions during 277 days for the abatement of hexane. SIFT-
MS, an on-line measuring device for VOCs monitoring, was used to analyse the 
concentration of the VOCs. The IL was kept between 1 to 14 g m-3 h-1, and EBRT around 116 
s. The maximum EC was 6.83 g m-3 h-1 at an IL of 13.4 g m-3 h-1 and the CL (higher point in 
which RE is 100%) was 4.9 g m-3 h-1. The use of expanded perlite as packing material 
presented good properties such as high water holding capacity (3.6 g water g perlite-1), high 
porosity (50 to 85% depending on water content) and low pressure drop (10 - 20 Pa). On 
the other hand, the lack of intrinsic nutrients caused the filter bed to be very sensitive to 
different frequencies of nutrient addition.  
Several perturbations were studied. The disconnection of the humidification system 
decreased immediately the inlet gas relative humidity from 90% to 30%. This caused a 
bottom-up drying profile on the biofilter affecting its EC and RE. Addition of nutrients was 
required to recover to 90% RE. The biofilter was subjected to starvation periods in which 
the inlet gas stream was disconnected for 1, 5 and 10 days. Extended periods of starvation 
resulted in longer reductions of the RE. The RE decreased around 10%, 37% and 55% when 
the biofilter was disconnected during 1, 5 and 10 days, respectively. The acclimatization 
period to recover the initial state (RE) before the perturbation was less than 16 h for both 
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disconnections of one day and five days. The 10-days disconnection experiment reached a 
RE 13% lower than the initial value after 60 h since reconnection.  
Step increases in the inlet concentration of hexane by a three-fold factor presented similar 
behaviour in the IL ranges between 1.6 to 4.4 g m-3 h-1 and 4.4 to 13 g m-3 h-1. The sudden 
increase in hexane concentration resulted in an immediate increase of the EC but in an 
overall decrease in the RE. The increases in EC were 2.2 and 2.8 g m-3 h-1, and the reduction 
in RE were 15% and 26% for the IL ranges between 1.6 to 4.4 g m-3 h-1 and 4.4 to 13 g m-3 
h-1, respectively. Alternations between low and high IL (15 to 30 minutes’ interval) were 
performed between 1.3 and 11.7 g m-3 h-1. The biofilter presented higher EC but lower RE 
for the high IL period, and the values remained relatively stable during the studied period. 
The difference in RE between the low and the high IL periods in the range 5.5% - 21%. X-ray 
based characterization techniques were applied for the first time to investigate the 
microstructure of the biofilter packing. The growth of biomass could be visualised and the 
internal porosity of a perlite particle was determined with calculations based on the colour 














In Chapter 1, a general discussion was made for biofilters and air scrubbers. These systems 
are on the list of best available techniques to apply in different industries (e.g. in animal 
husbandry). Source-oriented measures and end-of-pipe techniques (air scrubber and 
biofilters) are applied on many farms to cope with emissions from animal houses. From an 
environmental point of view, the treatment of NH3 is necessary to avoid acidification in the 
environment. In addition, animal production facilities that want to expand need to meet 
requirements for NH3 emissions and the design of treatment systems is geared to this. On 
the other hand, odour removal is another important aspect. If people in the 
neighbourhoods have complaints or farmers want to expand and needs permission, the 
company needs to undertake actions to avoid odour emissions. 
The odour removal efficiency of chemical and biological air scrubbers can be evaluated with 
use of olfactometry. This methodology is based on the sensorial analysis of odour samples 
using a panel of at least four persons [251]. In this human sensorial based methodology, 
the amount of panel members, the panellists’ performance and the number of rounds in 
which the panellist need to smell to the odour bags are determining the repeatability of an 
olfactometric result [252]. In general, the variability on olfactometry data is most of the 
time relatively high [253]. Mitigation systems can sometimes have a low performance and 
together with the high variability of olfactometry data, the odour removal efficiencies from 
field application can range from negative values (i.e. production of odour) to 80 % [98]. Van 
der Heyden et al. (2015) reviewed extensively different studies relating to the abatement 
of pig and poultry waste gas. Odour removal efficiencies were reported in 24 of the 37 
cases. A striking fact is that very little is known about the specific odour compound removal 
efficiencies. The removal of H2S ranged from 22 to 75%, dimethyl sulphide from  
-69 to 15%, acetic acid from 87 to 99%, p-cresol from 92 to 98% and indole from 89 to 95% 
[93, 254-256]. In addition, the basic mechanisms and influencing parameters of odorant 
removal are poorly investigated. Analysis of odorants on a chemical basis, can help to 
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understand the odour removal analysed by olfactometry and why systems not working 
properly. 
The aim of this chapter is to get insight in the basic mechanism of the removal of specific 
odorants. Therefore, a field measuring campaign was conducted containing different air 
scrubbers and biofilters. Sampling bags, containing waste gas before and after the 
treatment technique are filled and analysed based on an olfactometry and chemical way. 
The link between odour and chemical analysis will be investigated to better understand 
which compounds are important contributors to odour. Next to field measurements, two 
biological air scrubbers on a pig research facility will be investigated in detail, i.e. more 
frequent follow-up of important parameters and more frequent daily measurements. The 
chemical analysis of the scrubber liquid is an important research topic. Among other things, 
this field-scale data can be linked with the pilot-scale scrubber experiments and simulations 
(Chapter 4).  
7.2  Material and methods 
Two measuring campaigns were conducted from summer 2016 until autumn 2017. A field 
measuring campaign is performed to get an overview of the performances of odour and 
odorant removal of different biofilters and air scrubbers applied at pig houses. Operational 
parameters like Empty Bed Residence Time (EBRT), gas flow rates and water trickling flows 
are not recorded in real-time but are only available at discrete times. In contrast, a 
biological scrubber measuring campaign (BS measuring campaign) was carried out at the 
ILVO pig research facility (Melle, Belgium). Different parameters were followed-up in real-
time and analysis of the waste gas was done more frequently (every 20 to 25 days) 
compared to the field measuring campaign (every 90 days). The chemical analysis of the air 
samples was linked with olfactometry for the field measuring campaign. On the other hand, 
no olfactometry was performed within the BS measuring campaign, but a detailed scrubber 
performance analysis was established.  
 
152 
7.2.1 Field measuring campaign 
To get insight into the mitigation capability of air filters applied at pig production facilities, 
a selection of six systems was made. Three biofilters (BF1 to BF3), two biological air 
scrubbers (BS1 and BS2) and one chemical air scrubber (CS) were investigated during the 
four seasons (n=4). The pig houses have a central ventilation channel (with air flow Q) which 
is connected to the air filter. The construction type of the pig house, effect of feed and pig 
age can have an influence on the composition and concentration levels of VOCs, NH3 and 
H2S. However, the influence of the latter aspects is not the aim of this study. An overview 
of relevant parameters is listed in Table 18. The area Apack is the area where the treated air 
leaves the system (Figure 42). Perpendicular to Apack, D is the depth of the packing material 
and will determine with Q the EBRT ([Apack D] / [Q]). Tout is the outdoor daily average 
temperature. Water is trickled (Qwater) on top of the biofilter everyday a few times a day 
(NQ,water).  
7.2.2 Biological scrubber measuring campaign 
A real-time parameter follow-up of ventilation rate, temperature, pH, ECliquid, electricity use 
and water use, was performed on two biological air scrubbers at the ILVO pig research 
facility. The facility is subdivided into 16 compartments of which 8 are directly connected 
to the atmosphere, and 8 (2x4) are connected to two central ductworks. Each compartment 
consists of 8 pens with 6 fattening pig places per pen. Each central ductwork is connected 
to one biological scrubber (a three-stage and a two-stage biological air scrubber). Both air 
scrubbers are fed with different exhaust air streams and have different operational and 









Table 18 Operational parameters of three biofilters (BF1 to BF3), two biological air scrubbers 
(BS1 and BS2) and one chemical air scrubber (CS) during four seasons 
 Parameter BF1 BF2 BF3 BS1 BS2 CS 
       
Apack (m²) 210 630 638 23 5.3 93 
D (m) 0.5 1 0.8 1 1.8 0.86 
Sample date             
     Autumn n.a. 10/11/16 18/11/16 24/11/16 1/12/16 15/12/16 
     Winter 16/02/17 24/01/17 18/01/16 09/03/17 16/03/17 2/03/17 
     Spring 18/05/17 13/04/17 06/04/17 01/06/17 15/06/17 23/03/17 
     Summer 28/09/17  27/07/17 13/07/17 10/08/17 17/08/17  31/08/17 
       Q (m³ h-1)             
     Autumn  n.a. 25954 79120 61000 29700 45668 
     Winter 8000 21656 47920 76000 32100  38350 
     Spring 8000  n.a. 79120 82628 36820 63866 
     Summer 11000  64237 97120 90081 37226  94892 
              EBRT (s)             
     Autumn n.a. 87 23 1.4 1.1 6.3 
     Winter 47 105 38 1.1 1.1 7.5 
     Spring 47 n.a. 23 1.0 1 4.5 
     Summer 34 35 19 0.9 0.9 3.0 
       Tout (°C)             
     Autumn n.a. 7 6 9 4 7 
     Winter 7 0 -3 10 12 7 
     Spring 17 9 7 20 16 9 
     Summer 17 18 16 15 17 15 
        Qwater (L m-2 day-1) 5 7 12 -  -  -  
 nQ,water 5 1 4 -   -  - 
       pHliquid             S1         S2             
     Autumn - - - 7.65 8.1 6.3 3.7 
     Winter - - - 6.83 7.3 7.9 3.6 
     Spring - - - 7.34 4.2 7.7 3.6 
     Summer - - - 6.8 3.1 10.0 3.6 
       ECliquid (mS cm-1)             
     Autumn - - - 16.7 31.0 6.2 168 
     Winter - - - 18.3 25.3 6.1 167 
     Spring - - - 22.5 34.3 3.3 164 
     Summer - - - 27.6 52.2 1.9 133 





Both the two-stage and three-stage biological air scrubber consist of a dust section where 
dust is retained from the waste gas (Figure 42). The section has a depth of 0.15 m 
(perpendicular to Apack that is equal to 5.3 m²). This packing material has a specific surface 
of 240 m² m-3 (Hewitech CF12-F, Germany). Between the pressure room and the dust 
section, 16 PVC spray nozzles (Bete TF12, USA) are spraying water on the surface. This flow 
is pumped from a 1.1 m³ liquid reservoir (Huba Control type 112, Switzerland). 
Subsequently, a second stage (1.8 m depth for the two-stage air scrubber) is intended for 
the main absorption capacity of the air pollutants (mainly NH3). 
 
 
Figure 42 Schematic overview of a field-scale air scrubber applied at pig production facilities 
with a central ventilation system. 1: fan, 2: dust removal section, 3: packing material 
for main removal of gaseous pollutants, 4: mist eliminator, 5: liquid distribution plate, 
6: tank with pH control or nutrients, 7: water recirculation pump, 8; discharge pump, 
9: measurement of pressure drop, 10: washing liquid tank and 11 spray nozzles to 
wet the dust section. A pH and ECliquid meter is also provided on the recirculation liquid 
flow to control the washing liquid and discard water when necessary. 
Compared to the second-stage air scrubber, the three-stage air scrubber consists of two 
sections (0.9 m length not visualised) instead of one section (1.8 m length, two-stage air 
scrubber). The section next to the dust section is called the “Bio section”, while the next 
one is called “Odour section”. However, both sections contain biological processes. These 
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stages contain a packing material with a smaller specific surface, i.e. 125 m² m-3 (Hewitech 
NC20-48, Germany). When the scrubber liquid of one stage exceeds the ECliquid,max value, 
liquid is pumped from the last stage back to the stage towards the inlet. Therefore, the 
section closest to the outlet contains the lowest ECliquid, while the section near the inlet has 
the highest ECliquid. Purge regulation is done with an automatic ECliquid control system (Emec 
LDPHCD, Italy). On top, a water distribution gutter system is applied which trickles the 
recirculated water on the packing material (Liquid pump; CM-MAG P15, The Netherlands). 
The total liquid flow of the dust section and the two sections for the three-stage system is 
20, 16.25 and 19 m³ h-1 respectively. For the two-stage system, the dust section and the 
second packing unit have a similar liquid flow of 19.5 m³ h-1. The two-stage and three-stage 
air scrubber were investigated for one year (from 01/07/2016 until 01/07/2017). An 
overview of the pH, temperature, purge flow, power requirements, EBRT and L/G (liquid 
flow/gas flow: v/v) can be found in Figure 43 and Figure 44. Due to irregularities of the air 
scrubber hardware, no data is available before 15th of September (2016).  
It can be seen that the two-stage scrubber has a more stable operation, based on the 
numerous fluctuations of ECliquid and pH measured at the three-stage scrubber. The purging 
process of the three-stage scrubber was set to be an automatic process. However, due to 
malfunctioning of water level control and electronic purge pump control, this purge process 
was done manually by activating the purge flow and adding fresh water. The effect of this 
manually process can be seen in the sequential increasing of the ECliquid and the sudden 
drop to lower ECliquid values. In contrast, the ECliquid of the two-stage scrubber is a constant 
line after some adjustments were made mid-November (2016). The pressure drop was less 
than 50 Pa for most time. Except for the two-stage scrubber, after one year of operation, 
the pressure drop reached values above 150 Pa since the dust section was clogged. During 
these days, the ventilators, feeding the pressure room, were working at 100% to maintain 
the set airflow. After cleaning the dust section, the pressure drop decreased below 20 Pa. 
The total airflow through the three-stage and two-stage scrubber is respectively 3.16 ± 0.34 




Figure 43 pH, ECliquid, Purge volume (m³) and pressure drop (Pa) in function of time for the BS 
measuring campaign using a three-stage and two-stage biological air scrubber. 
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Figure 44 L/G (v/v, -), EBRT (s), Temperature of the inlet air (°C) and power (kW) in function 
of time for the BS measuring campaign using a three-stage and two-stage 






The volume of the two packed beds are 9.5 m³. Therefore, the EBRT for the three-stage and 
two-stage scrubber is respectively 1.1 ± 0.1 and 1.0 ± 0.1 s. The airflow is also determining 
the L/G ratio, which is on average 0.0018 for the three-stage and 0.0012 for the two-stage 
scrubber. Temperature was fluctuating according to seasonal variations. The total power 
that is required (liquid pumps, electronic control systems) is on average 2.4 ± 0.2 kW for 
the three-stage scrubber. Since only two liquid pumps are required for the two-stage 
scrubber, the power requirement dropped to 1.7 ± 0.1 kW. 
7.2.3 VOC analysis 
7.2.3.1 Sampling procedure 
Nalophane® bags (30 L) were filled within 30 minutes with a PTFE tube connected with the 
inlet (i.e. pressure room before the air scrubber) and outlet. The latter was performed by 
adding a cap (air scrubber) or tent (biofilter) which covers minimal 10% of the Apack. Due to 
this, a homogeneous stream is provided. The bags were analysed within six hours after 
sampling. For the general measuring campaign, three bags were sampled in the pressure 
room and three bags were sampled at the outlet of the system. For the detailed measuring 
campaign, one sample bag was taken at the inlet and outlet during the same moment. The 
measuring frequency was 20 to 25 days, while this is 90 days for the general measuring 
campaign. 
7.2.3.2 VOC analysis equipment 
The air analysis in the Nalophane® bags, with emphasis for VOCs and H2S, was carried out 
with advanced measuring equipment: TD-GC-MS (Thermal Desorption Gas 
Chromatography Mass spectrometry), SIFT-MS (Selected Ion Flow Tube Mass 





The waste gas from the Nalophane® bag was flowed through a sorbent tube containing 
Tenax TA and Carbotrap (50/50%, 200 mg) for three minutes at 100 mL min-1 (300 mL 
sample volume, using a Gilian Air sample pump, Sensidyne). Before sampling, the sorbent 
tubes were conditioned at 300°C for one hour with a helium flow and were subsequently 
loaded with deuterated toluene (internal standard). After sampling, the adsorbed organic 
molecules were desorbed, separated and analysed by TD-GC-MS (Markes/Interscience). 
The desorption is carried out at 260°C for 10 min with a helium flow of 20 mL min−1 using a 
Unity Series 2 Thermal Desorption system (Markes, UK). The desorbed analytes were 
trapped on a coldtrap (filled with Tenax TA) and subsequently flash-heated from -10°C to 
280°C to provide a compact air sample going to the GC unit (Focus GC, Interscience, 
Belgium). A 100% dimethylpolysiloxane column (30 m x 0.25 mm x 1 µm, Varian, Belgium) 
with helium carrier gas at constant head pressure of 70 kPa was used to separate the VOCs. 
The temperature program was set at 35°C for 3 min, and increased from 35°C to 150°C at 
8°C min-1 and from 150 to 240°C at 12°C min-1, which was maintained for 10 min. After 
separation, the VOCs are detected and quantified by a DSQ II Single Quadrupole MS 
(Thermo Scientific, USA), operated in full scan mode (140 ms per scan). External standard 
calibration for TD-GC-MS was performed by means of a standard solution containing the 
target compounds in methanol. The target compounds, which were analysed with TD-GC-
MS, are listed in Table 19.  
7.2.3.2.2 SIFT-MS 
The TD-GC-MS with the applied column and detector is not able to measure H2S and NH3. 
Therefore, SIFT-MS was used as complementary device to provide a broad-spectrum 
analysis of the waste gas from a pig stable. SIFT-MS uses precursor ions (H3O+, O2+ and NO+) 
which react with the VOC to form product ions [70]. H2S and NH3 are measured using the 
product ions: H3S+ (H3O+) and NH4+ (O2+). The signal of H2S was calibrated against a H2S 
Analyser (Jerome®, USA), while the signal of NH3 was compared with a Photo acoustic gas 




PTR-MS is next to SIFT-MS a recent advanced measuring device to analyse trace levels of 
volatile organic and inorganic compounds. The use of quadrupole mass spectrometry in 
PTR-MS and SIFT-MS is however, a limiting factor when analysing complex air samples, due 
to a low resolution. Recent developments in mass spectrometry, in combination with real-
time throughput, make use of Time-Of-Flight Mass Spectrometry (TOF-MS) [257]. In a TOF 
unit, electronic pulses accelerate VOC ions and the time-of-flight is recorded by a mass 
spectrometer. The TOF is proportional to the square root of the ion mass. To increase 
precision measurement of TOF, reflectors that changes the path in a V-shape increase the 
path length. In this study the PTR-TOFQI-MS unit (Ionicon, Austria) is applied which has a 
resolution of more than 6000 and improved sensitivity (ppq to ppt level). This allows the 
efficient separation of e.g. dimethyl sulphide (m/z 94.998369) and phenol (m/z 95.049141) 
signals. The latter is impossible with quadrupole mass spectrometer, since only 
differentiation can be made based on one mass unit. This means that dimethyl disulphide 
and phenol have the same signal (i.e. mass 95).  
7.2.4 Scrubber liquid saturation level 
Air scrubbers absorb pollutants from the gas phase into the scrubber liquid. When removal 
mechanisms in the scrubber liquid are not fast enough, pollutants will accumulate and 
reduce the mass transfer from the air phase to the liquid phase. To get insight into the 
concentration levels of pollutants in scrubber liquid, its headspace was investigated (BS 
measuring campaign). Within six hours after sampling, 10 mL scrubber liquid was put in a 
bubble flask and bubbled with 100 mL min-1 nitrogen flow for five minutes. The stripped air 
was passed through a sorbent tube (see 7.2.3.2.1) to adsorb the pollutants (total volume 
500 mL). It is assumed that the air bubbles at the upper liquid level are in equilibrium with 
the liquid phase. Using the Henry’s law, the pollutant concentration in the scrubber liquid 
(Cliquid) can be calculated. Presuming that pollutants from the inlet gas of the air scrubber 
are in equilibrium with the scrubber liquid during operation, the maximal potential 
pollutant concentration in the scrubber liquid can be calculated with Henry’s law 
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coefficients (Table 19) (Cliquid, max). This is thermodynamically the maximum possible 
pollutant concentration in the liquid. When Cliquid, max and Cliquid are related to each other, 
the percentage of saturation can be calculated (%saturation = Cliquid / Cliquid, max *100). When 
%saturation is close to 100%, the maximum possible amount of pollutant is present in the 
liquid and no extra pollutant can be transferred to this phase because the driving force will 
be negligible.  
7.2.5 Odour and odour activity value 
Next to chemical VOC analysis, olfactometry measurements were performed on the 
Nalophane® bags during the general measuring campaign (Measuring team from Flemish 
Government). These measurements were performed according to the European standard 
for olfactometry (CEN EN13725). Details on the procedure of selecting of panellists and 
actual olfactometry measurement were briefly described by Hove et al. (2012) [258]. 
Panellists consequently smell to dilutions of the Nalophane® bags. Dependent on whether 
the panellist detects odour or not, the odour is eventually calculated as ouE m-3 based on 
the dilution of which the panellists were sure of detecting odour.  
Conversion of chemical data of VOC concentrations to odour concentration can be done by 
different methods [259]. A simple approach is based on the Odour Threshold Value (OTV) 
of every compound. The Odour Threshold Value (OTV) is the lowest concentration of a 
certain odorant that is perceivable by the human sense of smell. The higher the actual 
odorant concentration in comparison with OTV, the more the odorant will smell. The Odour 
Activity Value (OAVi) of an odorant quantifies the odour by a chemical way. It is calculated 
as the ratio of the odorant concentration and the OTV. When the sum is made of all OAVi,, 
the total OTV (TOAV) can be calculated. The TOAV methodology is simple, additive and 
linear, but does not take into account intermolecular sensorial interactions where one 
compound can reduce/increase the sensorial intensity of another odorant. A broad set of 
OTV values were determined by Nagata et al. (2003), based on olfactometry of waste gases 
containing pure compounds [146]. The OTV values of the used odorants in this study are 
listed in Table 19. OTV values can be very high (e.g. ethyl acetate: 887 ppbv or NH3: 1500 
 
162 
ppbv) or very low (e.g. skatole: 0.0056 ppbv). This implies that a very low concentration of 
skatole, already can make a significant contribution to odour.  
Table 19 Overview of the target  compounds and its Odour Threshold Value (OTV – ppbv) 
which were used in the measuring campaigns 
Compound group Compound OTV (ppbv)
(3) Henry’s law coefficient (-)(4) 
   
10-7 10-6 10-5 10-4 10-3 10-2 10-1 
Organic acids          
 (1)Acetic acid 6        
 (1)Propanoic acid 5.7        
 (1)Butyric acid 0.19        
 (1)Pentanoic acid 0.073        
 (1)Hexanoic acid 0.6        
 (1)Heptanoic acid n.a.        
 (1)Isobutyric acid 1.5        
 (1)Isovaleric acid 0.078        
 (1)2-methylbutyric acid 1.5        
S-containing compounds          
 (1)Methanedithione 210        
 (1)Dimethylsulphide 3        
 (1)Dimethyldisulphide 2.2        
 (1)Dimethyltrisulphide n.a.        
 (2)Hydrogen sulphide 0.41        
Carbonyl compounds/alcohol          
 (1)Butanal 0.67        
 (1)2-Butanone 440        
 (1)Ethyl acetate 870        
 (1)3-Methylbutanal 0.1        
 (1)Hexanal 0.28        
 (1)Heptanal 0.18        
Aromatic compounds          
 (1)Toluene 330        
 (1)Benzaldehyde n.a.        
 (1)Phenol 5.6        
 (1)1-phenylethanone n.a.        
 (1)4-methylphenol 0.056        
 (1)4-ethylphenol n.a.        
 (1)Indole 0.3        
 (1)Skatole 0.0056        
Others          
 (1)1-Butanol 38        
 (2)Ammonia 1500        
(1) Measured with TD-GC-MS 
(2) Measured with SIFT-MS 
(3) Nagata et al. (2003) 
(4) Derived from Pubchem database 
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7.3 Results and discussion 
7.3.1 Field measuring campaign 
7.3.1.1 Inlet concentrations and OAVi 
A semi logarithmic plot was made of all concentration data obtained from the pressure 
room at pig houses located at different farms in Flanders (Figure 45). NH3, H2S and acetic 
acid are the most abundant compounds of the selected target compounds with a 
concentration higher than 100 ppbv. Most of the compounds have concentration levels 
between 1 ppbv and 100 ppbv. This indicates that low concentration levels are present in 
the waste gas from pig houses. Some compounds were only quantified limited times 
(skatole, indole and 4-ethyl phenol) because the concentration levels are close to sensitivity 
levels of TD-GC-MS equipment. From this quantitative data, NH3 would be noted as the 
most important odorant. However, when OTV values from Table 19 are applied to calculate 
OAV values (Figure 46), the OAV value of NH3 is less than 1% of the OAV of H2S. The latter 
has the highest contribution to TOAV, with almost 10 times higher OAV when compared to 
e.g. pentanoic acid and butyric acid (respectively the second and third highest OAVi). 
Organic acids and aldehydes mainly determine the highest OAVi, next to H2S. 
7.3.1.2 Relationship between odour and TOAV 
The 144 Nalophane® bags were analysed by olfactometry in parallel with the chemical 
analysis. Odour concentration values (ouE m-3) from inlet and outlet are put in relation to 
the TOAV (Figure 47). A log-log linear regression was made between TOAV and odour values 
(log(TOAV) = 0.82±0.06 log(odour) + 0.59 ± 0.18 (R2 = 0.55), n=144). From the slope, it could 
be concluded that TOAV values are on average 18% lower than odour values. The OAVi of 
H2S compared to odour concentration values (ouE m-3) is showing a similar relationship as 
TOAV. This agreement is highly dependent on the OTV value of H2S, determined by 
olfactometry. Different OTV values for H2S have been reported. i.e. from 0.41 ppbv [146] to 




Figure 45 Concentration (ppbv) of selected target compounds from the pressure room 
connected to the pig houses of production facilities where the field measuring 
campaign was conducted. 
 
Figure 46 Calculated Odour Activity Value (-) with inlet concentrations (Figure 45) and OTV 
values for selected target compounds (Table 19). 
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Next to TOAV and OAVi of H2S, the OAVi of NH3 is put in relation to the odour concentration. 
Compared to TOAV and the OAVi of H2S, there is an excessive offset to the obtained 
relationship between TOAV and odour, due to the high OTV of NH3 (Table 19). 
The OTV values reported by Nagata et al. (2003) result in a linear relationship between 
TOAV and odour concentrations (ouE m-3), although with a moderate R2 (i.e. 0.59). 
Therefore, the choice for these OTVs seems to be justified. However, the variability on this 
relationship is relatively high. The relative standard deviation (RSD) of the average of three 
bags is 14% and 24% for TOAV and odour concentrations (ouE m-3) respectively. The additive 
effect of both errors, can be the reason for the variability of the TOAV-odour plot. 
 
Figure 47 The TOAV (-) and OAV of H2S and NH3 is put in relation to the odour concentration 
values (ouE m-3) with the data obtained during the analysis of 144 Nalophane® bags 
sampled at the inlet and outlet of air filtration systems located at pig production 
facilities within the field measuring campaign. A linear regression was made between 
log(TOAV) and log(Odour): log(TOAV) = 0.82±0.06 log(odour) + 0.59 ± 0.18 (R2 = 0.55). 
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7.3.1.3 General performance 
The removal efficiency (RE) based on TOAV ([TOAVIN-TOAVOUT]/TOAVIN 100, n=3) for the 
systems in the field measuring campaign is illustrated in Figure 48. The air treatment 
systems are showing a good performance, with only six reported RE (based on TOAV) lower 
than 75% and two cases under 50% (n=22). The compound specific REs are very versatile. 
No straightforward relationship can be made with parameters like EBRT, pH or ECliquid. A 
detailed analysis of the scrubber liquid, presence and relative abundance of 
microorganisms or biofilter leachate composition could potentially clarify the observed low 
performance. The effect of the scrubber liquid will be examined in section 7.3.2.2. 
Examining the odour removal based on different RE calculation approaches can lead to 
different outcomes. For example, the RE based on TOAV for BS2 was more than 75% for all 
seasons. This is not the case for H2S removal where significant lower RE were reported 
(Figure 49). Other compounds can also have a substantial contribution to TOAV. The 
outcomes of the different calculation approaches for RE (based on odour data and 
respectively H2S and NH3 concentrations) are visualised in Figure 50. The RE based on H2S is 
an overestimation for the odour removal, but it is closely related. The difference of the 
median between the RE of H2S and odour RE is lower than 22%. On the other hand, the 
interquartile range of RE based on TOAV is 5 to 22% higher than the odour RE. TOAV and 
H2S can be measured in real-time, while olfactometry is restricted to discrete measurement 
with higher operational costs and higher variability. Moreover, it is a time-consuming 
methodology (hours) comparing to e.g. SIFT and PTR-MS (seconds). The difference between 
the odour RE and RE of NH3 is for 50% of the data points between -15% and -50%. In 




Figure 48 The RE based on TOAV (%) for different measuring locations during autumn, winter, 
spring and summer (n=3). Blue coloured bars imply that there is no data available. RE 
between 100% and 66% are indicated in green, RE between 66% and 33% in orange 
and RE between 0% and 33% are indicated in red. 
 
Figure 49 The RE of H2S (%) for different measuring locations during autumn, winter, spring and 
summer (n=3). Blue coloured bars imply that there is no data available. RE between 
100% and 66% are indicated in green, RE between 66% and 33% in orange and RE 




Figure 50 The difference of the odour RE and the RE based on TOAV, H2S and NH3. 
To show the performance of some odorants, Figure 51 and Figure 52 are representing the 
specific REs for NH3 and hexanal. NH3 is abundantly present in the waste gas and the 
removal in biofilters and biological air scrubbers is determined by absorption and biological 
oxidation to nitrite and nitrate. When the microbiological community is inhibited, or e.g. 
biofilters are not rinsed enough with water, salts like ammonium nitrate can accumulate at 
the biofilter packing material. These aspects can be a possible reason for low NH3 
performances, i.e. low RE of NH3 (autumn and summer BF2, spring BF1 and autumn BS2).  
On the other hand, hexanal is a compound present in only 10 ppbv (Figure 45), but OAVi 
ranks the sixth highest. The removal of hexanal is in most cases less than 50% and in some 
cases more than 75% (Figure 52). Hexanal has a relative high Henry’s law coefficient  
(~10-2), comparing to e.g. acetic acid or NH3 (~10-5). The mass transfer to the liquid phase is 
therefore more difficult. Subsequently, hexanal liquid concentrations can increase and 
mass transfer is further limited. This latter aspect will further be highlighted in the BS 
measuring campaign. In this measuring campaign, the mechanism determining the RE of a 




Figure 51 The RE of NH3 (%) for different measuring locations during autumn, winter, spring and 
summer (n=3). Blue coloured bars implying there is no data available. RE between 
100% and 66% are indicated in green, RE between 66% and 33% in orange and RE 
between 0% and 33% are indicated in red. 
 
Figure 52 The RE of hexanal (%) for different measuring locations during autumn, winter, spring 
and summer (n=3). Blue coloured bars implying there is no data available. RE between 
100% and 66% are indicated in green, RE between 66% and 33% in orange and RE 
between 0% and 33% are indicated in red. 
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7.3.1.4 Critical remark on TOAV-odour relationship 
Manipulations of chemical data to odour concentration using OTV is also a subjective 
methodology. The high error of human sensorial analysis for threshold values is present in 
the TOAV approach. Therefore, conclusions based on TOAV should be handled with care. 
Many aspects of complex VOC streams on sensorial behaviour are still poorly investigated. 
The choice of which measuring methodology needs to be applied, depends on the aim of 
the study. From a scientific point of view, correlations between chemical and sensorial 
methods are interesting. For governments, the human response is important to evaluate 
nuisance in neighbourhoods. However, the combination of the two can enhance the 
understanding of odour removal performance of treatment techniques. 
7.3.2 Biological scrubber measuring campaign 
A three-stage and two-stage biological air scrubber was investigated for a period of one 
year. Chemical analysis of the inlet and outlet air was performed with a measuring 
frequency of 20 to 25 days. The exhaust gas from a research pig house and the treated air 
by the air scrubber was investigated with SIFT-MS and TD-GC-MS. A detailed investigation 
was performed on the scrubber liquid, with emphasis on the presence of VOCs in the liquid 
phase.  
7.3.2.1 Compound specific removal efficiency 
The RE of H2S for the two-stage and three-stage air scrubber are presented in Figure 53. 
The inlet H2S concentration is very fluctuating due to in-house research programming 
reasons. This transient inlet concentration might affect the microbial community in a 
biological air scrubber. Unstable biological oxidation can eventually lead to fluctuating REs 
of H2S. The mean H2S RE for the three-stage air scrubber is 62.2 ± 16.5%. The RE for the 
two-stage air scrubber is higher, i.e. 75.1 ± 16.8%. However, the L/G ratio of the three-stage 
air scrubber is higher than the two-stage air scrubber at the same EBRT. Therefore, one 
could expect that the three-stage air scrubber would have a better performance. The most 
important difference between the two air scrubbers can be found in the control of the 
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scrubber liquid. From Figure 43 and Figure 44, it was clear that the manual control of the 
ECliquid and pH led to fluctuating scrubber characteristics. These fluctuations might 
eventually cause stress within the microbial community and thus a decreasing performance 
(e.g. lower H2S RE) of the system. The two-stage air scrubber was more stable in terms of 
pH and ECliquid than the three-stage air scrubber, explaining a 13% higher RE of H2S by the 
two-stage air scrubber. 
 
Figure 53 The RE and concentration of H2S based on the inlet and outlet of the three-stage 
and two-stage biological air scrubber during a period of one year. 
The removal of DMS is showed in Figure 54. The concentration of DMS in the pressure room 
is less than 10 ppbv in most cases. DMS is characterised by a high Henry’s law coefficient 
(10-1), therefore, one expects a low RE of DMS based on Chapter 4. The low mass transfer 
to the liquid phase is possibly the most important reason why the RE of DMS is limited. 
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Moreover, because of the low inlet DMS concentrations, microbial community will probably 
contain less methyl degrading microorganism. These aspects should be investigated in 
further research. 
 
Figure 54 The RE of DMS and DMS concentration of the inlet and outlet of the three-stage and 
two-stage biological air scrubber during a period of one year. 
7.3.2.2 Scrubber liquid saturation based on TD-GC-MS 
Next to the Henry’s law coefficient (H), also the presence of pollutant in the liquid phase 
will affect the mass transfer of VOCs from gas to liquid. Figure 55 illustrates the effect of 
H and the %saturation on the RE for specific compound (i.e. 2-butanone, DMDS, acetic 
acid and propanoic acid). When there is limited presence of pollutant in the liquid phase 
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and the H is low, then there will be an efficient removal. When the H increases, the RE 
will drop due to mass transfer limitation. When the pollutant concentration in the liquid 
phase increases, the driving force will decline and RE will drop due to mass transfer 
limitation. An example of this effect is presented for 2-butanone (Figure 55). 
 
   
  
Figure 55 The removal efficiency RE (%) in relation to the saturation level (%) of 2-butanone 
(KAW = 10-5) , dimethyl disulphide (KAW = 10-1), acetic acid and propanoic acid (KAW = 
10-7) for the three-stage and two-stage air scrubber 
The effect of decreasing RE with increasing %saturation is showed for 2-butanone. DMDS 
is a compound with a relatively high H (~10-1) and therefore there will be a low 
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concentration in the liquid phase due to mass transfer limitation. Acetic acid has a very low 
H (~10-7), compared to DMDS. This is however not a guarantee to have high performances. 
When the microorganisms are not degrading acetic acid in the liquid phase, the compound 
will accumulate and RE will drop. On the other hand, the performance of propanoic acid 
removal is higher (most of data points with almost 100% RE), due to a saturation level near 
0%. Microbial aspects in the scrubber liquid might be the reason for these difference and 
should be investigated in detail in other research programs. 
7.3.2.3 Headspace analysis of scrubber liquid with PTR-TOFQI MS 
TD-GC-MS data showed that only a couple of compounds have excessive %saturation data 
points. In many cases, no concentration could be detected or quantified in the stripped air 
from the scrubber liquid. PTR-TOFQI-MS was used to measure the headspace of the 
scrubber liquid from the two-stage air scrubber in a closed batch system. In one scrubber 
liquid sample, more than 40 compounds could be detected, identified, quantified and 
related to the inlet scrubber concentrations to calculate the %saturation. When the RE and 
H are also put in relation, Figure 56 can be made with one single measurement.  
 
Figure 56 The RE in function of %Saturation of a pollutant in the liquid phase and the log(H) 




This shows the same effect as explained in section 7.3.2.2. A high RE is only possible when 
there is no saturation in the liquid and when the H is low enough. The use of PTR-TOFQI-
MS increases the sensitivity, enabling the measurement of more compounds at lower 
concentration levels, compared to TD-GC-MS. This approach allows to make the same 
conclusions in a much shorter experimental time. 
7.4 Conclusions 
A measuring campaign was performed on field-scale air scrubbers and biofilters. VOC 
measurements were performed with TD-GC-MS, SIFT-MS and PTR-TOFQI-MS to get insight 
in the behaviour of odorants and their performance. A set of different target compounds 
was investigated: organic acids, aldehydes, organic sulphides, aromatic compounds and 
others.  
In the general field measuring campaign, the inlet odorant concentrations were converted 
to OAVs with the use of OTVs. A linear relationship was found between the TOAV and odour 
values, with moderate R2. Based on TOAV, the performance of the field-scale air filters was 
more than 75% in 16 out of 22 cases. However, some odorants like dimethyl sulphide and 
hexanal did not have RE higher than 75%. Mechanisms explaining these low RE were 
investigated in a biological scrubber measuring campaign. 
A two-stage and three-stage biological air scrubber were studied in detail. Sample analysis 
was performed every 20 to 25 days for a period of one year. The pH and ECliquid control 
caused fluctuations in pH, ECliquid and purge regime of the three-stage air scrubber. This 
behaviour caused an average RE of 62.2 ± 16.5% for H2S, which is 13% lower than the two-
stage biological air scrubber (75.1 ± 16.8%) operating at similar EBRT and lower L/G ratio, 
but with a good ECliquid and pH control. The removal of other odorants varied and a detailed 
study of the scrubber was necessary to understand the odorant removal performance. The 
percentage of saturation of an odorant in the washing liquid was calculated and put in 
 
176 
relation to the RE. It was confirmed that the RE of an odorant decreases the higher the 
liquid saturation of an odorant. This proves that the microbial removal of odorants in the 
liquid occurred inefficiently. In general, a more thorough understanding was obtained of 




Chapter 8 General conclusions and perspectives 
8.1 From fundamental data to pilot-scale scrubber 
The behaviour of VOCs in contact with liquid was highlighted in different chapters. These 
fundamental data provide knowledge to understand the driving forces of mass transfer and 
the performance of air treatment systems. Many authors reported and applied different 
methodologies to study gas-liquid partition coefficients. However, it was shown in Chapter 
2 that different numbers appear in literature, leading to discussion about their uncertainty. 
Conventional methods to measure gas-liquid partition coefficients requiring equilibrium 
state between the gas and liquid, have low reproducibility and long measuring times. 
Therefore, a new dynamic methodology (DynAb) was developed (Chapter 2) to measure 
partition coefficients in a dynamic way, independent of the VOC equilibrium state between 
the air bubbles and their surrounding liquid. In this way, partition coefficients can be 
measured without making assumptions (about equilibrium state) in a fast and reproducible 
way.  
The DynAb method was applied to different liquid systems using different target 
compounds (Chapter 2 and 3). The behaviour of VOCs can be altered by changing the liquid 
compositions, both in a positive and a negative way. When e.g. ammonium sulphate 
concentrations increase during operation of an acid air scrubber, the air-to-water 
partitioning coefficients increased significantly, which can reduce the VOC mass transfer. 
On the other hand, the behaviour of VOCs, tending to have a hydrophobic character (e.g. 
having a high KAW) and having a low air-water mass transfer, can be enhanced by changing 
the liquid composition. Cyclodextrins (CDs) were tested as soluble carrier molecules to bind 
with VOCs. CDs contain a hydrophobic cavity that can serve as VOC binding site. The binding 
of a VOC with CD is compound specific. Next to soluble additives, three-phase systems (e.g. 
silicone oil-water) and water-soluble solvents were investigated. The required volumetric 
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ratio to obtain a certain reduction of gas-liquid partitioning coefficient can be calculated. 
Of course, further operational adaptations will be necessary to handle mixtures of oil and 
water through pumps. In contrast, soluble additives can be applied at existing installations. 
A pilot-scale air scrubber was applied to investigate the RE enhancement when applying an 
additive or three-phase liquid system as scrubbing liquid. A relationship was found between 
the overall volumetric mass transfer coefficient and the air-to-water partitioning 
coefficient. This relationship was obtained by using different L/G ratios and two different 
packing materials. This relationship is of utmost importance to calculate the different 
influences of the (pilot-scale) scrubber liquid on the RE of the pilot-scale scrubber for 
specific target VOCs. This implies that the obtained partitioning data in function of e.g. 
ammonium sulphate, temperature, cyclodextins, pH, or other literature data can be used 
as input for this relationship. Mass transfer coefficients can be extracted which can serve 
as design information (Figure 57). 
 
 
Figure 57 Infographical representation of the coherence between different chapters: DynAb 
development (Chapter 2), DynAb application (Chapter 3) and the use of a pilot-scale 




8.2 Pilot-scale scrubber simulations 
The advection-absorption model in Chapter 4 (Equation 4.3) can be expanded for 
continuously recirculating scrubber liquid from a tank to investigate the effect of the 
scrubber liquid composition on the RE of a target VOC. Simulations were studied for a pilot-
scale scrubber operating with a liquid flow of 0.4 m³ h-1 or liquid velocity of 51 m h-1, a 
scrubber tank of 0.2 m³ and a gas flow rate of 1 m s-1. A stepwise mass balance approach 
was used to simulate the liquid concentration in a continuous operation with constant inlet 
VOC concentration (10 µg m-3) and its effect on the RE. The initial RE depends on the KAW of 
a certain VOC (Chapter 4). The higher the KAW (e.g. H2S in acid medium), the lower the RE in 
comparison for a VOC with a low KAW (e.g. acetic acid). When air, containing a constant VOC 
concentration, is continuously flowing through the air scrubber, the VOC liquid 
concentration will gradually increase when no bacteria or oxidation products are present in 
the scrubber liquid (Figure 58). In addition, the higher the KAW, the faster the liquid 
saturates. A compound with a KAW of 0.1 saturates in a few hours, while a VOC with a 
considerably lower KAW (e.g. KAW = 10-5) will need up to 4000 hours to saturate completely 
(when inlet concentration is constant). The more the liquid is saturated, the less the driving 




Figure 58 The RE of a VOC with KAW in function of time for an air scrubber continuously 
operating with a liquid flow of 0.4 m³ h-1, a scrubber tank of 0.2 m³, a gas flow rate of 
1 m s-1 and an inlet concentration of 10 µg m-3. 
8.3 From pilot-scale to field-scale  
Many effects determine mass transfer of VOCs in realistic field-scale situations. The 
presence of microorganisms, the relative abundance of specific degrading micro-
organisms, organic material in scrubber liquid, pH, ECliquid are some example. However, the 
saturation effect explained in Figure 58 was determined in a practical way (Chapter 7). 
Scrubber liquid from a biological air scrubber was analysed with emphasis on the VOC liquid 
composition. This data was put into relation with the theoretical maximum VOC liquid 
concentration (assuming equilibrium between gas and liquid). It was shown for many VOCs 
that the lower the %saturation, the higher the RE of the specific VOC. On the other hand, a 
reduction of RE was occurring when the liquid was partially saturated with a specific VOC. 
This practical insight validates the pilot-scale scrubber simulations.  
In Chapter 7, the removal of DMS was investigated during an one-year period (Figure 54). 
The RE of DMS was negligible in most cases. The KAW of DMS (0.086 at 25°C) is high 
compared to other pollutants in agricultural emissions (KAW ~ 10-5-10-7 for organic acids, 
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phenol, cresol …). From pilot-scale scrubbers evaluation, it was expected that compounds 
with high KAW would reach low RE. For example, a similar effect was showed for hexanal 
(KAW = 0.015) in the field measuring campaign Figure 52. 
To conclude, some postulated effects pilot-scale scrubber regarding RE, KAW and 
%saturation could be found in field measurements. 
8.4 Air scrubber downsizing  
Altering scrubber liquid to decrease the KAW and, by consequence, increase the Kga, is a 
possible methodology to get a downsizing of an air scrubber. Downsizing implies that less 
investment costs are required, but also operational costs (e.g. electricity requirements of 
liquid pumps) can as such be diminished. These cost savings can be partially compensated 
by an extra cost of using an additive to the scrubber liquid. A graphical representation is 
made of the relationship between the RE, Kga and the air scrubber height of the pilot-scale 
scrubber operating at a gas velocity of 1 m s-1, a liquid flow of 0.4 m³ h-1 and Pall rings as 
packing material (Figure 59). Both Kga and air scrubber height have a major effect on the RE 
of a VOC. When pure water is used in the air scrubber, a 99% hexanal removal is obtained 
with a column height of 6 m (Kga = 0.92 s-1, KAW = 0.015 at 25°C; Chapter 2 and Chapter 4). 
Applying an 18 g L-1 α-CD solution will decline the KAW to 0.0011 at 25°C (Chapter 3). Using 
the Kga-KAW relationship (Chapter 4), the Kga is estimated to be 3.25 s-1. The increase of Kga 
can be compensated by reducing the column height of 1.75 m to get a similar RE of 99%. 




Figure 59 RE of a VOC in function of the mass transfer coefficient Kga and air scrubber height, 
operating at a gas velocity of 1 m s-1, liquid flow of 0.4 m³ h-1 and Pall rings as packing 
material (simulation pilot-scale scrubber). The dotted lines representing a case study 
for hexanal in water (A) and 18 g L-1 α-CD (B). 
As mentioned in Chapter 3, the decrease of KAW is largely compound specific. When working 
with a mixed VOC stream, a strict evaluation should be carried out to check the suitability 
of applying additives. Nowadays, applying additives to systems is still not competitive (due 
to high prices), but when market potential is proved, the price of additives can be reduced 
in combination with bulk production. This scrubber liquid design can be additive to regular 
air scrubber design. The pressure drop of the packing material restricts the latter. The mass 
transfer could be improved by increasing the specific surface of the packing material. 
However, from an economical point of view it causes higher operational costs. Therefore, 
another possible way to improve air scrubbers is designing a proper liquid. 
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8.5 Advanced real-time VOC monitoring 
The use of advanced real-time VOC monitoring devices (SIFT-MS and PTR-TOF-MS) was an 
added value to this work. SIFT-MS enables fast (~ 1 s) measurement of low (ppbv) to high 
(ppmv) VOC concentrations without sample preparation. These characteristics were 
reflected in the type of experiments performed in this study. In Chapter 2 and 3, 
breakthrough curves were obtained by monitoring air from a bubble flask. The 
concentration of the VOCs was changing within several minutes, depending on the set-up 
and VOC properties. A VOC peak methodology was applied on a pilot-scale air scrubber 
(Chapter 4). Small quantities of VOCs were injected and monitored at the inlet and outlet 
of the pilot-scale scrubber with SIFT-MS. The resulting peaks were characterised by a small 
time difference between peak start and end (1 to 2 minutes). At least 60 data points were 
used to register the peaks. GC measurements are restricted to lower sensitivity level and a 
significant time span between two measurement points (~ minutes). It is likely that peak 
and short time breakthrough curves are almost impossible to monitor with GC. The benefit 
of real-time VOC monitoring is significant and it can reduce the experimental time, increase 
the reproducibility and serve as a tool for fast detection of unexpected experimental errors. 
Next to fundamental chemical based studies (Chapter 2, Chapter 3 and Chapter 4), SIFT-MS 
can be an advanced tool for VOC monitoring in biological air filters (Chapter 5 and Chapter 
6). Packing material studies with VOC breakthrough curves were performed using SIFT-MS. 
Simultaneously, packing material-to-air partitioning coefficients were measured and 
calculated for multiple target VOCs in a short experimental time. In addition, the routine 
follow-up of a biofilter, simultaneously for different VOCs, could be established within 15 
minutes in which five measuring ports can be measured containing at least 60 data points 
for each port. This process would take at least several hours with a standard GC. The 
advantages of measuring fast response time of biological systems with SIFT-MS, was used 
to study transient VOC behaviour in a biofilter with perlite (Chapter 6). A transient inlet 
hexane profile, changing constantly within 15 minutes from low to high concentration was 
investigated. With the use of SIFT-MS, the fast changing concentrations (~ seconds) at the 
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outlet of the biofilter could be monitored. This rapidly changing concentration would be 
problematic to follow-up with standard GC measurements. To conclude, SIFT-MS was an 
essential device that improved the understanding of VOC behaviour in lab-scale set-ups and 
to monitor VOC concentrations to obtain in a fast and reproducible way fundamental data. 
8.6 Improving biofilter performance of hydrophobic VOCs 
Chapter 2 to Chapter 4 was a fundamental study of VOC behaviour in gas-liquid systems, 
with emphasis on the mass transfer increase to the liquid phase. Another part of this work 
has been dealing with the biofiltration of VOCs. It was highlighted in Chapter 1 that the 
treatment of hydrophobic VOCs is challenging and has become an important research topic 
of different researchers in the last decade. Therefore, two mass transfer enhancement 
methodologies were investigated in Chapter 5 and Chapter 6. Firstly, a silicone foam 
packing material was used together with conventional wood and compost to investigate 
the removal of a mixture of VOCs (Chapter 5). Secondly, the response of a fungal biofilter 
was investigated with transient hexane inlet loading to get insight in industrial situations 
(Chapter 6).  
The use of silicone foam was tested as hydrophobic packing material. A fundamental study 
illustrated that the packing material-to-air partitioning coefficient increased by a factor 20 
and 100 when comparing to compost and wood. Also for hydrophilic compounds (acetone 
and dimethyl sulphide), an increase of the packing material-to-air partitioning coefficient 
was obtained. Compared with a conventional biofilter with compost and wood, a better RE 
(50%) was obtained using silicone foam in a 1/3 volumetric ratio. The drawback of this type 
of biofilter is the post processing of the packing material after several years of use. In fact, 
the silicone foam can easily be recovered by water flotation but extra costs are necessary. 




The assessment of a biofilter performance with transient hexane loading, to get insight in 
industrial situations, have not been investigated before. Therefore, a fungal lab-scale 
biofilter was put under different stress situations (lack of nutrients, lack of water, abrupt 
increase of inlet concentrations, fast changing concentrations from low to higher 
concentration and many more). It was concluded that the fungal biofilter with expanded 
perlite is very robust facing fast changing concentrations. However, the addition of 
nutrients and water is important for long-term operations. State-of-the art X-ray technology 
revealed the internal structure of expanded perlite. It was characterised as a highly porous 
structure in which fungi can develop. Intersection analysis of a used perlite particle showed 
that the fungi are homogeneously divided inside the perlite and the decrease of the perlite 
porosity by the biofilm was quantified. These experiments, together with the dynamic 
concentration follow-up by SIFT-MS during transient loading, increased the knowledge of 
such fungal biofilter. In comparison with conventional biofilters systems, they can 
withstand stress periods and they show a good performance to treat hydrophobic VOCs. 
However, more research is necessary to obtain an optimal growth and how to maintain the 
performance during operation and economical aspects. 
8.7 Future research    
8.7.1 Complex VOC streams 
Research of complex VOC streams (e.g. exhaust air from a pig production facility) in air 
scrubbers and biofilters is very important, since lab-scale are only investigating limited 
amount of VOCs. A single VOC can have an additive or supressing effect on the RE of another 
VOC. More knowledge on these aspects would enlarge the practical insight of existing 
technology. To investigate these aspects, VOC analytical technology is not a restriction 
anymore since advanced PTR-TOF-MS devices were introduced to screen complex mixtures 
of VOC. Air scrubbers should be investigated by combining analytical tools on both the air 
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phase and liquid phase (Metagenomics, pH, ECliquid, ions …). It was shown in Chapter 7 that 
VOC liquid composition determines the RE. Nevertheless, to fully understand the liquid 
composition, it is recommended to experimentally investigate mechanisms that influence 
the removal of VOCs once they are absorbed. For example, finding a relation between the 
relative abundance of odorant removing bacteria in function of time and %saturation would 
prove the importance of the bacteria in scrubber liquid. Elucidating parameters (like pH or 
ECliquid) that can affect the activity of bacteria or its relative abundance would enhance the 
understanding of VOC removal mechanisms. If the composition of the scrubber liquid can 
help to understand the rate of degrading VOCs in the liquid, the performance of the air 
scrubber can be fine-tuned.  
8.7.2 Design of scrubber liquid in air scrubbers 
CDs can be designed to have an enhanced solubility and higher binding capacity with the 
VOC. As a result, it is theoretically possible to design liquids with an optimal binding capacity 
for VOCs. In Chapter 4, the suitability was proved of changing the liquid composition with 
additives to increase the VOC mass transfer from gas to liquid. Designing molecules for an 
optimal VOCs absorption is a long term solution and it can serve as an option to save 
operation and infrastructure costs. First, a general screening of the waste gas should be 
carried out to explore the most abundant odorants or compounds with severe toxicological 
effects. Second, an additive screening assessment elucidates the most promising additive 
molecules based on its absorption capacity and economical aspects. Third and last, 
implementation in practice needs further investigation in terms of dose, control and long-
term stability. 
8.7.3 Treatment of hydrophobic compounds in biofilters 
The treatment of hydrophobic VOCs (e.g. alkanes) using conventional biofilters is very 
difficult, resulting in the use of high column heights or long EBRT to treat them efficiently. 
More research should be carried out on the addition of hydrophobic materials in the 
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biofilter, which can be recovered easily. In addition, fungal biofilters need investigation in 
field-scale situations to prove their suitability (e.g. control and availability of nutrients).  
8.7.4 High resolution online VOC monitoring 
Table 20 shows an overview of different analysis equipment for VOC analysis and some 
characteristics. The use of SIFT-MS is very suitable when working with known VOC streams 
(e.g. a mixture of 5 up to 20 compounds). However, SIFT-MS has some shortcomings when 
analysing complex VOC mixtures (e.g. hundred compounds) with different concentration 
levels. The quadrupole mass spectrometer is able to differentiate between one integer 
mass unit. Therefore, VOCs resulting in different product ions can have a similar mass which 
complicates quantification. The introduction of Time Of Flight based mass spectrometry is 
the recommended technology for future VOC studies. Depending on the device, PTR-TOF-
MS equipment exists with a resolution more than 6000, allowing to make the difference of 
an m/z alteration of four digits numbers after the comma. When this high-resolution 
analysis can be coupled with a proper calibration system, a tremendous amount of data can 
be obtained in a short time lap. The features of a PTR-TOFQI-MS device was already tested 
in Chapter 7 where the saturation effect of different VOCs was investigated. Conclusions 
could be made within 30 minutes of experimental time in comparison with 26 TD-GC-MS 
measurements, spread over a whole year and counting for at least 5 days of total 
experimental time.  
Table 20 Overview of different VOC analysis equipment in terms of analysis speed, resolution, 
complex streams and calibration 
 TD-GC-MS SIFT-MS PTR-TOF-MS 
Analysis speed Hour(s) Seconds Seconds 
Resolution  High Low/moderate Very high 
Complex streams Possible Limited Possible 
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Lynn Van Ransbeke – Vergelijking van een conventionele biofilter met 
een tweefasenbiofiler voor de afbraak van vluchtige organische 
componenten 




Simon Awoyemi Olalekan – Biofiltration of a mixture of Odorous 
Volatile Organic Compounds (hexanal, dimethyl sulphide and dimethyl 
disulphide) using a biofilter filled with Miscanthus giganteus chips 
2014 – 2015 
 
Juvenal Mukurarinda – Characterization of industrial volatile organic 
compounds emissions in Rwanda and biofiltration of acetone, 
dimethyl sulphide and hexane 
2015 – 2016  
 
Tom Persan – Oxidatie van organische zwavelverbindingen 2016 – 2017 
Jonas Stockman – Ontwikkeling van een geavanceerde foto-oxidatie 
technologie voor de afbraak van vluchtige organische componenten in 
lucht 
2016 – 2017  
José Luis Huepe Follert – Dynamic behaviour of a fungal biofilter 
packed with perlite for the abatement of n-hexane polluted gas 
streams 
2016 - 2017 
 
Scientific Publications (Peer-reviewed) 
Accepted 
(1) Title: Determination of the gas-to-liquid partitioning coefficients using a new dynamic 
absorption method (DynAb method) 
Authors: Bruneel J., Walgraeve C., Van Huffel K., Van Langenhove H. 
Date published: 23 July 2015 
Journal: Chemical Engineering Journal, volume 283, page 544-552, 2016 (Peer reviewed) 
Impact factor: 5-year impact factor = 4.621 
 
(2) Title: Sorption behaviour of targeted volatile organic compounds on airborne 
particulate matter using selected ion flow tube mass spectrometry  
Authors: Walgraeve C., Bruneel J., Van Huffel K., Demeestere K., Vincze L., De Meulenaer 
B., Van Langenhove H. 
Date published: 26 January 2015 
Journal: Biosystems Engineering, volume 131, page 84-94, 2015 (Peer reviewed) 
Impact factor: 5-year impact factor = 1.96 
 
(3) Title: Evaluation of the performance of field olfactometers by selected ion flow tube 
mass spectrometry 
Authors: Walgraeve C., Van Huffel K., Bruneel J., Van Langenhove, H. 
Date published: 13 July 2015 
Journal: Biosystems Engineering, volume 137, page 84-94, 2015 (Peer reviewed) 
Impact factor: 5-year impact factor = 1.96 
 
Title: Increasing mass transfer of volatile organic compounds in air scrubbers: a 
fundamental study for different gas-liquid systems 
Authors: Bruneel J., Walgraeve C., Dumortier S., Stockman J., Demeyer P., Van Langenhove 
H. 




Impact factor: 5-year impact factor = 3.01 
 
Title: Increasing mass transfer of volatile organic compounds in air scrubbers: Relation 
between partition coefficient and mass transfer coefficient in a pilot-scale scrubber 
Authors: Bruneel J., Walgraeve C., Demeyer P., Van Langenhove H. 
Journal: Journal of Chemical Technology and Biotechnology 
Impact factor: 5-year impact factor = 3.01 
 
Title: Biofiltration of hexane, acetone and dimethyl sulphide using wood, compost and 
silicone foam 
Authors: Bruneel J., Walgraeve C., Mukurarinda J., Boon N., Van Langenhove H. 
Journal: Journal of Chemical Technology and Biotechnology 
Impact factor: 5-year impact factor = 3.01 
 
 
In preparation for submission 
Title: Dynamic behaviour of a fungal biofilter packed with perlite for the abatement of 
hexane polluted gas streams 
Authors: Bruneel J., Walgraeve C., Laforce B., Vincze L., Van Langenhove H. 
 
Conference contributions 
Title: Shifting gas-to-liquid partitioning coefficient of odorous compounds to liquid in 
biotechniques using additives (Poster) 
Authors: Bruneel J., Dumortier S., Walgraeve C., Van Langenhove H. 
Conference: Biotechniques for Air Pollution Control (2015) 
 
Title: Evaluation of the performance of the Nasal Ranger and Scentroid field olfactometers 
using selected ion flow tube mass spectrometry (SIFT-MS) (Poster) 
Authors: Walgraeve C., Van Huffel K., Bruneel J., Van Langenhove H.  
Conference: Biotechniques for Air Pollution Control (2015) 
 
Title: Importance of gas liquid partitioning coefficients in chemical scrubbers: a case study 
for ammonium sulphate and swine dust (Oral Presentation) 
Authors: Bruneel J., Walgraeve C., Van Huffel K., Van Langenhove H. 
Conference: Atmospheric Dust (2016), 
 
Title: Partitioning behavior of VOCs between dust and air 
Authors: Walgraeve C., Bruneel J., Van Huffel K., Demeestere K., Vincze L., De Meulenaer 
B., Van Langenhove H. (Oral Presentation) 





Title: A compound specific evaluation of odorants: from partition coefficient to pilot scale 
scrubber (Oral Presentation)  
Authors: Bruneel J., Walgraeve C., Demeyer P., Van Langenhove H. 
Conference: Emissions of Gas and Dust from Livestock (2016) 
 
Title: Removal of acetone, dimethyl sulphide and hexane with a biofilter packed with 
silicon foam, compost and wood (Oral Presentation) 
Authors: Bruneel J., Walgraeve C., Mukurarinda J., Boon N., Van Langenhove H. 
Conference: Biotechniques for Air Pollution Control (2017) 
 
Title: Dynamic behaviour of a fungal biofilter with Fusarium solani for the treatment of 
hexane (Oral presentation) 
Authors: Bruneel J., Walgraeve C., Follert J. L. H., Laforce B., Vincze L., Van Langenhove H. 
Conference: Biotechniques for Air Pollution Control (2017) 
 
Experience in industry 
Internship at Veos nv. 
as R&D engineer  
Summer 2013  
 
